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SUMMARY
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1978

Aluminium oxide and hydroxide films grown on aluminium sheet
and evaporated aluminium films were studied using a number of
technigues. Zlectron Spectroscopy for Chemical Analysis (ESCA),
Ellipsometry and & combination of Transmission Electron licroscopy
TEM, Scanning Transmission Electron MNicroscopy STEM and Scanning
Llectron microscopy SEN, known as (TEMSCIN).

For a radiztion wavelength of 54C nm the refractive index for
aluminium hydroxide films less than 8C nm was found to be
n = 1,58 = 0.03. For thicker films it was necessary to assume 2 K
velue of 0.CO00S rather than zero.

There were discrepancies between aluminium oxide and
hydroxide film thicknesses as measured by LSCA, using the ratio of
chemically shifted and unshifted peaks. This discrepancy is
explained by assuming that the oxide and hydroxide film grows in
islands and the height of these islands is greater than the escape
depth of the electron. The ESCA technique therefore was not
detecting oxide or hydroxide at the base of the islands.

Examination of electrcn transparent specimens after exposure
to water vapour saturated air (WVSA) at 70° C in the SEM mode,
revealed reaction sites in the forms of blisters. ZIxamination of
the same area in STE)M, only showed the underlying microstructure
due to the fact that blistering is a surface phenomenon. Electron
transparent specimens prepared from sheets of aluminium alloy
(a15/1e) and (415:/Zn), exposed to WVSA for 10 minutes were
examined in TEM, STEM and SEM specimens prepared from sheets
heated at 350° C and 450o C showed reaction sites along the grain
boundary surface interface whereas specimens prepared from 5500 C
heated sheets showed randomly distributed reaction sites. Closer
exemination (in TEN mode) of the grain boundary surface interface
revealed hydrogen bubbles which could be viewed by their stress
field contrast.

Ellipsometry/ESCL/TENSCAN/Aluminium/Corrosion/.
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CHAFTER 1

INTRODUCTICN

The occurrence of stress-corresion susceptibility in Aluminium-
zinc-megnesium elloys restrict their widespread use. Much research is
being carried out on the mechanism of stress-corrosion cracking(1-5).
The main objective in the present work was to obtain insight into the
mechanism. To this end the structure and rate of growth of aluminium
oxide and aluminium hydroxide films grown on pure aluminium, aluminium-
magnesium and aluminium-zinc alloys under different conditions were
studied.

The reaction of aluminium with water at 70°C produces a duplex
film consisting of pseudoboehmite, on aluminium oxyhydroxide similar
to boehmite (A100H) but containing more water and bayerite (A1(OH)3)(6).
Both forms of hydrous oxide have characteristic morphologies, bayerite
crystals taking the form of pillars or cones and pseudo-boehmite
appearing as needles when viewed by transmission electron microscopy
or platelets when viewed by scanning electron microscopy.

However the reaction of aluminium with water vapour saturated
air as opposed to liquid water has received little attention. The
structure of aluminium oxide end aluminium hydroxide films formed at
low exposures have also received very little attention. These
experiments can only be carried under ultra-high-vacuum and the
techniques used should be surface sensitive. The techniqueg used in
this present work were in this context, ellipsometry and Electron
spectroscopy for Chemical Analysis (ESCA). Both these techniques,
although fundamentally different, can measure the growth of oxide
or hydroxide films at low expos;fes. These techniques can also be

used to study thick films, for this to be possible ion etching is



(2)

necessary in the case of ESCA but not ellipsometry for non absorbing
films.

Ellipsometry and ESCA are technigues which over a given area.
In order to study the effect of underlying microstructure on the
location of reaction, use was made of 2 new microscope which combines
transrission electron microscopy (CTEM) scanning transmission electron
microscopy (STEM) and scanning electron microscopy. TEMSCAN JEZM 100C
is one such microscope. The important feature of this type of
microscope is that comparison of precisely located areas in the
(STEM) and (SEM) modes allows direct correlation of surface features
with underlying microstructure (bviously such a technique is limited
to electron-transparent specimens, but the secondary electron
detector can be used tc examine surfaces at high resolution.

By using a combination of the above techniques for surface
investigation it was hoped to elucidate mechanism and structure of

corrosive layers in the early stages of growth.

1.1 Ellipsometry

Interest in the optical study of surface films is not a recent
phenomen™~ There are many optical techniques available for
measuring various parameters, e.g. the use of multiple beam
interferometry developed by Tolanski(a). Knowing the thickness one
could determine the optical constants by measuring the intensities
of the light transmitted and reflected from both sides of the film
as proposed by Murmann(g). It is desirable to measure n, k and t
simultaneously because thin films can differ in density from bulk
material so that a separate measurement of geometric thickness may
not correspond to the thickness. These and other optical techniques

(10)

are summarised and discussed by Heavens .

The optical technique used in the present work was ellipsometry



(3)

which involves the measurement of the change in the state of
polarisation of a2 beam of light after reflection. The incident
polarised light can be resolved into components parallel and
perpendicular to the plane of incidence and one usually denoted by
r, and r., are reflection coefficients respectively. In the case of
& clean surface these coefficients can be derived from the electro-
magnetic theory in terms of refractive index and angle of incidence.
The foundations of ellipsometry were laid at the end of the
last century by Rayleigh and Drude(11-12). Drude derived the
fundamental equation of ellipsometry from Maxw 1ll's equations with
suitable boundary conditions but was unable to solve the eguation
explicitly for n, k and t but obtained approximate solutions for
filme of thickness small compared to the wavelength of light used.
Although the optical properties of metals were studied by
means of reflectivity measurement few specific references to the use
of ellipsometry were made in succeeding years, probably because of
the development of other methods of determinations of film thickness.
The first detailed experimental work using the Drude technique

(13-15) who investigated the chemically-produced

was by Tronstad
passivity of iron and steel mirrors. Tr nstad also investigated the
optical constants of a mercury surface which he used as a standard
surface for the calibration and adjustment of the ellipsometer.
Since it was found to give more reproducible results than any
surface produced by mechanical polishing.

lebernight and Iustman(16)

investigated the oxidation of iron
and nickel and verified Drude's equations for thinner films. TUntil
about 1940 the instruments used were often normal spectrometers,
modified to carry polarising and analysing prisms and a guarter were

plate. Detection was by eye using half-shade devices. The

introduction of photomultiplier detection made possible great



(L)

improvements in sensitivity and accuracy, and also enabled
measurements to be made over a wider range of wavelengths.

(17) (18)

kother and later Rothen and Eanson were responsible for
the term "ellipsometry'. They developed the technique of celibration
of an ellipsometer using a surface coated with a known number of
barium stearate monolayers.

(19)

In 1955, in the extensive review by Winterbottom results of
optical constants for bulk metals were presented for the visible
region of spectrum. The development of polarising devices for the
infra-red region of the spectrum made possible the development by
Beattie(zo) of an ellipsometric technigue for studying metals using
radiation extending to 12 microns wavelength. Although there were
serious theoretical limitations on the accuracy of such
measurements as shown by Beattie and Conn. Inira-red measurements
on metzls are extremely important in order to assess the validity of
the Drude-Zener theory.

Hayfield and White(21)

adopted the ideas initisted by Beattie
and Conn, in a study of corrosion and oxidation in metals. But in
this work the compensator method, for the visible wavelengths, of
McCrackin was adopted. The instrument is comparatively simple and
inexpensive and used in conjunction with an ultra-high vacuum system.
Work on the general technique of ellipsometry was continued by

(22)

McCrackin et al. Who reviewed the procedure for alignment and

(23)

calculation of results, and by Archer who made extensive studies
of silicon surfaces using the exact theoretical equations.

More recent developments have lead to some sophisticated
instruments employing the Faraday effect. This idea was developed
by Gilham(Z¥,

The 'magneto-optic' or 'Faraday' effect is observable as a

rotation of the plane of polarisation when light passes through a



(5)

dielectric in the presence of a magnetic field. Gilham employed
lead=-zinc borate glass in the form of cylindrical rods 10cm in length
overwound with a copper coil carrying an alternating current of 1 amp
at 50 Hz with this arrangement the plane of polarisation was arranged
to oscillate at SO Hz through 6 degrees. When this light passed
through the analyser prism on to the photomultiplier, an
alternating intensity of light was received, resulting in a convenient
output signal.

Several instruments have been developed on the basic design of

Gilham, for example that of Sewardcas)

which as well as accurate
mechanical parts and Glan-Foucoult prism polarisers, employed a
detection system using two Faraday cells, M and C, as shown in
Figure 1. The first cell is fed with a constant alternating current
signal of frequency f, which causes the plane of polarisation to
oscillate at the same frequency f. The light then passes through the
second cell C and an analysing prism A on to a photomultiplier. The
photomultiplier produces an asymmetrical signal which has a basic

2f component with an f component superimposed. An electronic analysis
unit detects the f component and feeds into the compensator cell C

a suitable current to reduce the f component to zero. The value of
this current is proportional to the angular difference between the
ectual analyser azimuth and the azimuth at which it would be

'crossed' with respect to the incoming polarised light. 1In this

way, the analyser can be set accurately to * 5 seconds of angle.

1.1.1 Automatic Ellipsometers

Although automatic ellipsometers have been used prior to 1969

Cahan and Spanier(26)

gave a very good description of & high speed
automatic instrument. Since the early work with increasing

interest in measuring reaction rates and following film growth with
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increasing speed and accuracy, there have been reports of many
modifications. One such is that of modulated ellipsometry by

(27)

Jasperson, Burge and C'Handley for studying thin layer opticzal

properties and surface dynamics and by Cahan, Horkans and Yeagertzg}
who studied the electrode-electrolyte interface with platinum and
gold electrodes.

In modulated ellipsometry, quantities related to the parameters

W and A are extracted simultaneously by synchronous detection of
reflected light intensities in two freguency channels. Signal
processing is completed by an on-line computer which samples the
data at a repetition rate of arproximately one & second. Once the
optical system is aligned all elements remsin rigidly in place so
that precision and stability are high. For ¥ and A precision of
the order of 0.001° and stability of the order of 0.01° over a
period of one hour can be achieved.

During the last two or three years interest in automatic
instruments has still further increased. Muller and Hathiewczg)
outlined a series of tests for checking the fine characteristic
parameters of automatic ellipsometers which they felt were appropriate.

(30) has given a further comprehensive

More recently Muller
report on the classification of different types of automatic
ellipsometers into compensating and non-compensating instruments and

compare their performances.

1.1.2 Ellipsometry as a technique complementary to other technigues

for surface examination

Where there is a need for examination of surfaces or surface
layers, there is a2 whole array of techniques such as low energy
electron diifraction, Auger electron spectroscopy, electron

spectroscopy for chemical analysis, field emission microscopy and



ellipsometry. To some extent the method is badly named in that the
vord 'ellipsometry' does not indicate the function as do the names

. . 31
given to many other techniques. Neal( )

2s recently suggested more
appropriate names, such as optical surface spectrometer (0.S5.S.) or
surface optical spectrometer (S.0.S5.). However, Ellipsometry has
been used as a complementary technique, an interesting application
of combined ellipsometric and Auger electron spectrometry technigues
have been made by Allen(Ba). Simultaneous studies were made on the
elemental chemical composition and optical properties of clean and
contaminated aluminium surfaces under vacuum. Another example of
the application of the complementary techniques of Auger spectroscopy
and ellipsometry was demonstrated in the work of Chou, Van der
Nuelen, Hemmer and Cah111(33)-

latham and Brah(BQ) have used ellipsometry both to characterise
the surfaces and to study the influence of surface oxidation on
charge reversal on microspheres which occurs during a rebounding
impact with negatively charged copper and stazinless steel electrodes.
This is also the aim in this work to use ellipsometry, as &

complementary technicue, in conjunction with Electron spectroscopy

for chemical analysis LSCA.

1.2 Electron spectroscopy for Chemical Analysis (ESCA)

The technique is based on a magnetic or electrical analysis of
high resolution of the electrons which are emitted from a substance
on irradiation with X-rays. The technique reproduces directly the
electronic level structure, from the innermost shells to the atomic
surface. All elements from Lithium to the heaviest ones can be
studied even if the element occurs together with several other
elements and represents only e small part of the chemical compound.

Shifts of inner levels due to chemical structure effects are
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characteristic features, and ESCA provides informaticn on the chemical
bonding in elements.

From the turn of this century to the middle of the nineteen
thirties some research workers, Robinson and de Brcglie(BB-EE), have
investigated the energy distribution of electrons in various elements
irradiated with X-rays Omly few further attempts have been made to
extend the early works of Robinson and de Broglie, but these
experiments meet with limited success.

The different ways of using X-rays for gaining information on
atomic structure are illustrated in Figure 2. A specimen is
irradisted with X-rays. The upper branch is the X-ray fluorescence
and X-ray absorption spectroscopy. The lower branch represents
electron spectroscopy as the alternative source of information. There
were many problems to solve, for example, the electrons adsorption in
the material will destroy any precise information originally contained
in the spectrum. This is because the energy and the intensity of
electrons produced inside the material by the X-radiation would be
expected to diminish considerably on their way out. The early studies
in fact confirmed this general behaviour and the difficulty of
getting precise energy limited electron spectroscopy as a competitor
to X-ray spectroscopy.

In 1951 Kai Siegbahn started a research programme aimed at the
very high resolution study of the energy spectrum of electroms
expelled by X-rays. There were two main problems to be solved. The
first is the problem of shaping the magnetic field according to the
s 4 - form required for double focussing. Fortunately, it was found
that the same field would be obtained over a limited region if coil
arrangement consisting of twe co-axial coils of special
dimensions(uo-hz). The second problem was to obtain an efficient

geometry for the X-ray tube and in addition high transmission and
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large dispersion of the electron spectrometer were needed.

Compensation has to be made for all external magnetic fields
including the earth's field. It took three years to build and test
the first iron-free double focussing magnetic spectrometer. The
electrons used were obtained from racdioactive sources. That is the
reason why the first part of the work, described in a paper(sg} was
entitled "Beta ray spectroscopy in the precision range''.

In 1954 the first instrument was ready and attempts were made
to record at high resolution photoelectron spectra produced by X-rays.
A new observation then changed the course of the future development
of the method. This was the appearance of a very sharp line which
could be resolved from the edge of each electron line.

A more detailed study of a photoelectron line obtained with the
ESCA method showed that it consisted of the principal line together
with & more or less continuous energy distribution immediately to the
left of the line and with the resolution now obtainable this can be
distinguished from the principal line by an intensity minimum. This
minimum occurs because electrons passing through the specimen can
only lose energy in certain discreet amounts, a phenomenon which had

(43)

been observed eazrlier in another connection but had not previously
been observed in connection with ESCA work. The discreet energy
losses are due to so called plasmon excitations of the electron plasma
in the specimen. <ollective electron vibrations in the plasma plus

ionisation, and excitation in interband transitions. In ESCA only

the following factors contribute to the line width.

(1) The natural width of the incident X-ray line.
(2) The width of the atomic level from which electrons are

ejected.

(L4h)

(3) The aberration of the spectrometer v



-

The choice of anode material is dependent on the binding energy
of the particular atomic shell studied. In majority of cases one
should use anode material from the light elements exception would be
those cases where inner levels of higher % elements are being studied.
In the present work, Magnesium was chosen as the anode material. There

are number of advantages in useing soft X-radiation.

(1) The inherent widths of the levels of light elements are
smaller, so that they contribute less to the line

width of the resulting electron line.

(2) The energy of the electron is lower which means & high

resclution on an absolute scale.

The electron lines produced by softer X-rays completely extended over
the low energy region. In fact, the resulting electron spectra look
very similar to the line spectra obtained in, for example, X-ray
emission spectroscopy.

During the ten years of development following the resolution and
recording of the first ESCA spectra a large body of data on the
electron binding energies of most elements from lithium to plutonium
has been accumulated and systematised. It has been found that,
accuracy of the binding energies is consistently higher than that
offered by the X-ray absorption method. In ofder to obtain electron
spectra from the inner levels of heavier elements, one must use anode
materials of higher 2 values like molybdenum and tungsten. If one
uses the lighter elements like sodium, magnesium or aluminium as
anodes, ne finds that ESCA can be used to study the band structure
in metals and alloys more effectively.

4s an analytical method, ESCA can be applied over the whole
periodic system. For the light elements, like carbon, nitrogen and

oxygen ESCA gives excellent signals. The sensitivity of ESCA is high.
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Only a very thin surface layer of around 5 nm of the sample is utilized
for the anslysis.

Photoelectrons emitted from atoms further down, deeper into the
material, lose energy and are therefore removed from the electron line
spectra. Gases adsorbed on the surface of a2 foil yield spectra of
good intensity.

Oxide films formed at the surface of most metals are seen in
LSCL spectra, both as an oxygen line and as a shifted line situated
near the line from the unoxidized metal. ESCA can be used to
examine materials which are normally liquid or gaseous, if they

ere first solidified by freezing.

1.3 Electron microscopy

Zlectron microscopes are finding increasing application at all
levels of science and technology. A wide range of instruments are
now available and these are enabling physicists, metallurgists and
crystallographers to work together in solving problems not only of
atomic structure but of chemical composition and surface
morphology(h6—61)-

The rapid development of integrated circuits and the evolution
of computers have provided a powerful tool for electron microscopists
in handling the vast amount of data that can now be extracted from
a modern electron microscope(62-66). In view of these new technologies
the design of the electron microscope has and is undergoing radical
change. New instruments, such as the scanning transmission electron
microscope (STEM), and the manner in which its image is formed have

(67-69) | 1o basic assumptions behind the theory of

been reexamined
image formation has in turn, led designers to realize more clearly
the limitations of traditional instruments. In many cases the

limitations are placed by the state of technology. As the technology

improves, new possibilities are opened up for the microscopy and
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micro-znalysis of specimens. It is not possible to assess the
relative merits of the TEM and STEM because neither instrument has,
reached the limit of technological perfection. The strong
competition, both commercial and scientific between these two
instruments, have resulted in designs which try to combine the best
features of both instruments. JECL 100C TEMSCAN electron microscope
is one of these instruments which combines TEM and STEM. To buy one
of these instruments is an expensive undertzking and in the
particular circumstances of an individual laboratory it mesy be
necessary to decide in advance what are the important points that are
required of the microscope and to accept compromise in areas of less

importance.

1.3.1 BScenning electron microscopes

Scanning electron microscopes (SEM) were first introduced into
the market & decade ago and they have probably already exceeded the
total number of TEM installations in materials laboratories
throughout the world. The current SEM output, in terms of
conference and journal publications, textbooks, substantially exceeds
that based on TEN. In its present form SEM is a sophisticated
instrument, easy to operate useful for fractograph work, microanalysis,
and more recently, crystallographic studies and image analysis.

The recent development of the combined TEM and STEM + SEM
systems has been an important development. The higher brightness gun
end better lens design of TEM, combined with the bean focussing and
superior image processing facilities of SEM result in a number of
advantages over both individual SEM and TEM instruments while
retaining few of their disadvantages. JEM 100C electron microscope
is one such instrument which combines TEM, STEM and SEM systems. 1In
studies of Aluminium oxide and Aluminium hydroxide films all three

systems were used.
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CHAFTER 2

SURVEY CF THE PUBLISHED LITERATURE

2.1 The oxidation of metals

2.1.1 The initial stages of oxidation: Adsorption

The interaction of gases with metal surfaces may be classified
in terms of physical adsorption,chemisorption, solution or bulk
compound formetion. Review articles (Hayward 19?1(70}, Culver and

Tompkins 1959(71) and a number of books (Bond 1962(?2)

, Hayward and
Trapnell 196h(73)) have discussed in detail the theories and
experimental datz on adsorption. If chemisorption experiments are
to produce meaningful results clean surfaces are essential. Because
of the problem of producing clean surface much of the data in the
literature is difficult to interpret(?h).

. the interaction of oxygen with metal surface the rate at

which the molecules strike the unit surface being given by kinetic

theory as

P/(Zﬂka)%

where P ie the gas pressure
m the mass of the gas molecule
k the Boltzmann constant

T the absclute temperature

A monolayer of sbsorbed gas forms on the surface in one second at
room temperature for a gas pressure of 10-6 torr if we assumed the
adherence probability is unity.

Distinction between physical adsorption and chemisorption is

not always possible \'hen adsorrtion takes place there is a decrease
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in free energy and since entropy decreases because of the loss of
degrees of freedom, the heat of adsorption has to decrease and
adsorption is always exothermic. To distinguish between physical
adsorption and chemisorption, measurements of heats of adsorption
have been used because in the case of physical adsorption values are
low ( 10 k cal mole™ ') and higher for chemisorption, but in many
cases the heat of chemisorption may be gquite low (Hayward and Trapnell
1964(73)) so it is not always possible to distinguish between the two
types of adsorption. It was usually considered that chemisorption
required activation energy, but it has now been shown that, in many
cases, chemisorption may occur in the absence of an activation
barrier (Ehrlich 1965¢7°),

When chemisorption takes place (chemical reaction) there is a
rearrangement of valence electrons of the metal and the gas. Even
though chemical reactions at surfaces have been studied extensively,
the mechanism of such interactions is still not well understood

(?2)3 llustrated the interaction of a

(Culver and Tompkins 1959
bimolecular molecule such as H2 or 02 with a metal surface by a
potential energy diagram shown in Figure 3. Curve (1) represents
the potential energy of the molecule as it is attracted to the
surface by long-range forces, Curve II represents the potential
energy curve for a molecule which was dissociated into atoms prior
to chemisorption. Curve I may intersect Curve II at a point either
above or below the zero of potential energy depending on the
particular gas-metal combination. If point P is above zero an
energy E, will be required for the molecule to switch to Curve II
and become chemisorbed 'f the intersection point P is below the zero,
chemisorption becomes non-activated.

Incorporation of oxygen has been studied by some works,

(Roberts snd weils 1966, 778N ymiver ana Kizk 1966'7%)) tn sn
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attempt to understand the nature of adsorbed layers of oxygen on metal
surfaces. The technigue they used was the measurement of changes in
work function. Culver and Tompkins (195%) heve shown that the change

in work functiocn A¢ on adsorption is given by:
AQ‘) = 4 ngTOm

where n, is the number of adsorption sites per cm2 of surface
© is the fractional coverage of the surface by adsorbate

m is the dipolemoment.

If there is an increase of Ag, which means a decrease in
surface potential. This is a measure of the magnitude of the
negative charge at the adsorbed layer-gas interface. This technique
should give a good indication of what happens to the oxygen on the
surface, whether the absorbed oxygen remains on the surface as ions
or is converted to oxide, but in practice, the extreme sensitivity
of work function to surfacecontamination, crystallographic
orientation and general heterogeneities have led tc considerable
controversy regarding the interpretation of results.

Some metals, like aluminium show an uptake of oxygen at room
temperature which is much greater than the monolayer value and heats
of adsorption that are comparable with the bulk heats of formation

of the oxide(so)

« A large amount of data on the structure of metal
efter exposure to low oxygen pressures is now available, primarily.
from low energy electron diffraction (LEED) investigation, but also
from high energy electron diffraction (HEED). The interpretation
of the data is the subject of much controversy in the literature

(81-84))_

(Germer, Bauer A chemisorbed layer mey be pictorially
represented either in terms of a classical model in which the

adsorbed ions are located at potential minima on the surface of
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the metzl with a minimum amount of displacement of the metzl atoms, or
in terms of a reconstruction or rearrangement model in which the
surface layer consists of both metal ions and oxygen ions.

The reconstruction is a necessary step in the ultimate development
of a three-dimensional oxide even though the first stage may be the
development of two-dimensional 'oxide' structures which bear little
direct relationship to the three-dimensional structures. In order to
explain the upteke of a second monolayer of oxygen, Lanyson and

Trapnell(85)

suggested a mechanism of interchange of adsorbed oxygen
atoms with underlying metal atoms, this mechanism is commonly
called 'place exchange'. Several different mechanisms are possible
depending on whether the surface is perfect or contains defects.

The two possible mechanisms are illustrated in Figure ka.

In this model it is assumed that oxygen is in the gas phase,
and that the liberation of the heat of chemisorption of the oxygen
molecule assists the exchange.

Nay(gs) has suggested another model for surface reconstruction
in which place exchange provides one possible mechanism. In this
model a part of the heat of chemisorption is available to form
excited oxide molecules - with high kinetic energy parallel to the
surface. This energy can provide transport of metal atoms over
considerable distances on a smooth surface. Two possible mechanisms
are illustrated in Figure 4b. A place-exchange mechanism leads to
the formation of an excited molecule which can move along the

surface to contribute to the formation of islands of reconstructed

structure.

2.1.2 Oxygen solubility in metals

The solubility of oxygen in various solid metals varies

markedly from very smell mounts to 20-30%. It has been shown that
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even small amounts of dissolved oxygen play an important role in the

(87-88)

early stages of oxidation « The solubility of oxygen in a metal
varies greatly with temperature and the available data have been
collected and summarized by Hansen and Anderko(sg). Reports of oxygen
solubility show lack of agreement and no data is available at
relatively low temperatures (room temperature). The available

(90).

diffusion data have been discussed by Kofstad

2.1.3 The formation of oxide films

when a thin continuous film of oxide has been formed on a metzl
surface. The metal and gaseous reactants are separated by a barrier
and the reaction can continue only if cations, anions or both and
electrons diffuse through the oxide layer. The rate which determines
the oxidation reaction may be mass or charge transport through the

4 (9

oxide layer. This is shown in Figure L large number of
theories and models have been proposed to explain the formation of
thin oxide films. Some of the mechanisms proposed include quantum

(92)), cation diffusion in a

(93-9#))‘

mechanical tunnelling of electrons (lott
large space charge field (Cabrera and NMott place exchange
(Zley and Wilkinson'9%)) ~hese try to explain the various forms of
the logarithmic law. All these mechanisms and others have been
(96)

discussed in 2 recent review by lawless

2.1.4 Chemisorption on oxide films

when an oxide film is present on the surface of a metal, the
chemical reaction between the solid and a gas is initiated by
chemisorption of the gas on the oxide. Since most oxides are

(92), the process of chemisorption is generally very

semiconductors
complek and must be treated as a three-dimensional process
(Vol'Kenshtein(97)) Chemisorption will generally be influenced by

the presence of lattice defects, the distribution of electrons and
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holes, as well as electron traps in and near the surface of the oxide.
Since the oxygen molecule has an attraction for electrons, it is

natursel to expect oxygen to be adsorbed as negative ions. There is

considerable speculation as to whether the adsorbed ions are 0, 0

or O.. Barry and Stone(99)

2

prevalent at room temperature, but for higher temperature 100°%¢ to

suggested that either O or 0; are

400°¢ 02~ predominated..

As more oxygen atoms are adsorbed, more electrons must be
transferred and these must come from deeper levels in the oxide. This
process causes the build-up of a space charge boundary layer and the
development of a potential. The space-charge-layer theory of

1
chemisorption has been discussed in detail by Eauffe and Engell( OO).

2+1.5 Theory of Fehlner and Mott

low temperature oxidation, room temperature has been discussed
intensively by Fehlner and Mott(101). An evaluation of Cabrera-lott
(1948-#9)(94) theory is given by lawless and modifications suggested
in the light of recent experimental results. The low temperature
oxidation is considered to go through a period of fast, linear
oxidation followed by & slow logarithmic reaction, which may under
certain conditions be followed by a rate increase and a second
logarithmic stage. The initial linear oxidation is considered as a
continuation of the chemisorption process by a place exchange
mechanism.

Once a stable oxide has formed, it is assumed that oxygen ioms
formed on the surface by dissociation of oxygen molecules and capture
of tunnelling electrons are partially incorporated in the oxide
surface. A potential is thus set up across the film which provides

a driving force for continued oxidation. The field created across

the oxide lowers the potential barriers to ion migrations which
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exist for anions at the oxide-oxygen interface and for cations at the
metal-oxide interface. Fehlner and Mott differ from Cabrera and Mott,
in that they consider anion as well as cation migration. The basic
assumptions in the theory for the case of cation migration are the
same as those used by Cabrerz and Mott, but for the case of anion
migration it is necessary to replace the assumption of a constant
potential across the oxide by that of a constant field.

The assumption that very thin oxide films, formed by exposure
of z metal surface to gaseous oxygen, are amorphous is certainly too
general, even for low temperature oxidation. The experimental
determination of the structure of very thin oxide films is rather
difficult and reliable data is rare in the literature. Beck et a1(102)
have shown that low temperature oxide, room temperature, films on
zluminium are amorphous. Additional data on the detziled structure
of thin oxide films is badly needed since the transport of ions through
such thin films is critical for the oxidation process.

The evidence used by Fehlner and Mott for the importance of
anion migration in low temperature oxide films is primarily from
studies of anodic oxidation in agueous solution (Davies et 31(103)).
Heine and Pryor(104) have pointed out, that the defect structures of
anodic and thermal oxide films are quite different. Pryor has
criticized the theory, on the basis that it is by no means universally
accepted that anionic transport is important, even for films formed
in aqueous solutions.

There is not enough data to evaluate the effects of
crystallographic orientation. Hart(105) has reported no orientation
dependence for the low temperature oxidation of aluminium. The
effect of oxygen pressure in the low temperature oxidation is not

(106)

very well understood. Rhodin found no pressure dependence, but

Krishnamoorthy and Sircar(qo?) found the rate to be pressure
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" ) oy X . .
dependent. Kirk and Huber found low temperature oxidation for

zluminium to be pressure dependent.

2.2 The Aluminium-water system: Hydroxide film

When aluminium reacts, an electrochemical process provides the

driving force for film growth. The anodic and cathodic half-cell
reactions can be written(1C8)

3H20 A1(OH)3
Anodic A1 + 2H,0 —~ A100H 30t 5 %e

0 A1.0

1
3 235

3 H
£ "2

Cathodic 3H,O0 + 3e -= % H, + 30H

According to Alwitt the anodic reaction takes place over almost the
full surface with the cathodic reaction occurring only at
impurities and grain boundaries. Vedder and Vermilyea(109).

Films formed at less that 9C°C have a duplex structure, with an
outer layer of bayerite crystals on an inner layer of pseudo-

boehmite. Bayerite is consistently present below 20°¢, Hart(11o),

avitt (1 (112)

s and Kawasaki
Film growth proceeds in three stages. At first little change

in the initial surface can be observed, Vedder and Vermilyea refer

to this as the induction period. The second stage is the formation

of the pseudoboehmite layer and the final stage is crystallization

of bayerite. Alwitt suggests that the last two stages may overlap.

2.2.17 Pseudoboehmite layer

Hart has shown that the pseudoboehmite crystallites increase in
size from about 2nm to several hundred nm at the start of growth.

The low temperature, below 90°C, pseudoboehmite is preferentially
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orientated so that the hydrogenbond channels of the boehmite structure
are perpendicular to the surface Harg%m}

There are important differences between the films formed at high
and low temperatures. The low temperature films are more porous and
the porosity decreases with increasing thickness. The other
difference is low-temperature film is brittle. Perhaps the most
significant difference between the two films is the distribution of

porosity within the film. This may be associated with the poorer

cryvstallinity of the low-temperature films.

2.2.5 Bayerite Crystal layer

(108)

Alwitt reports, bayerite crystals are observed on the
surface while the pseudoboehmite layer is still growing. Crystal
nucleation and growth continues until the surface is completely
covered. The pseudoboehmite rapidly reaches a limiting thickness
and maintains that thickness throughout subsequent bayerite
crystallization.

The bayerite crystals are not embedded in the surface nor
joined to the pseudoboehmite crystals. They are easily removed by
mechanical means or with adhesive tape. The cones and somatoids are

the shapes most commonly reported for bayerite, but these

apparently grow into cylinders.

2.3 Oxidation in humid oxygen atmospheres

In 1948 Podgurski(113) investigated oxidation in humid oxygen,
but he could not obtain consistent results. Morize and Lacombe(114)
studied the oxidation of electropoclished aluminium in both dry and
humid air at room temperature by measuring solution potentials.
They found that films are formed appreciably thicker in humid air

than in dry air. The oxidation rate was also found to increase with

increasing humidity. The important feature of Morize and lacombe's,
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graphs on oxidation, is that even after very long exvosures the
curves still slope gently upwards. From this it is evident that film
growth does not come virtuzlly to a stop as indicated by the results

of Podgurski. Hass(115)

reported that the film formed on aluminium in
eir at room temperature quickly thickens to about 2 nm. However it
does not stop here but continues at a very much reduced rate until

& thickness of about 5 nm is reached after one month's exposure. These
experiments were carried out in ordinary air, which no doubt

contained some water vapourjon the other hand, the experiments of

(116)

Cabrera and co-workers were carried out in dried air and also
humid air. In dry air a film thickness of 1.5 nm was rapidly reached
increasing to about 2 nm after 25 days. The final growth rate was
C.2 to 0.3 nm/month. Cabrera also found that water vapour had a
considerable effect on the growth rate and also that the oxidation

rate is a function of the water-vapour pressure. Specimens which had

been oxidized 10 hours in saturated air at 10°C were 4,0 nm thick,

2.4 Chemisorption of water vapour on clean surfaces (Vacuum)

Previous investigators, Hackerman, Wlstenhagen, Grunberg, Fianda

(117-123) of aluminium interaction with water vapour did

and Muller,
not have the benefit of ultra-high vacuum systems therefore fresh
films were deposited at pressures in excess of 1 x 10'6 torr . A
monolayer of a gas with a sticking coefficient of unity can form in
less than two seconds at these pressures and hence these earlier
studies are particularly subject to contamination effects which could
not be taken into account.

Huber and Kirk(12h)

were one of the first workers to evaporate
aluminium in ultra-high-vacuum, and followed the adsorption of water
vapour by granvimetric and work function measurements. Their study

was made at room temperature and its purpose was to show that water
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contamination could cause the lowered work functions obtained by other
authors for the oxygen-aluminium system. They showed that exposure of
a. fresh aluminium film to water vapour at 25°C caused the work
function to decrease by 1.1 eV after an exposure of about 5 x 10-5
torr-min. It then remained constant.

Batt and Mee(125)

obtained similar results with photoelectric
work function measurements on evaporated aluminium films. In
addition, they found that with much larger exposures the work function
dropped further to a minimum value of about 1.4 eV below the clean
metal work function and then increased by about 0.5 eV.

Huber and Kigﬁﬂglso found that water veapour lowered the work
function of both the fresh surface and an oxygen exposed surface by
1 eV. The 1 eV lowering is consistent with the polar nature of
viater, assuming either H20 or OH groups chemisorbed on the metal
oxide surface with the hydrogen outward. Their microbzlance and work
function data indicated that water initially reacts with a fresh
metal surface to produce a monolayer of oxide before forming the
hydrogen outward dipqle layer.

Fort and wellglgaso studied the reaction of water vapour on
clean aluminium by measurement of work function changes. In their
experiment clean surfaces were produced on bulk aluminium samples by
a cutting procedure inside an ultra-high vacuum system. They
reproduced 'Huber and Kirk's results and also found the amount of
adsorption at equilibrium to be independent of pressure in the
range from 1072 to 1078 torr. The temperature dependence of the
adsorption of water on aluminium was contrary to langmuir's classical
theory for chemisorption. According to langmuir's classical theory
the rate of chemisorption is determined by the rate at which molecules

from the gas phase have favourable collisions with vacant sites on

the metal surface. Thus the rate should decrease as the surface is
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covered instead of remaining constant. Huber and Kirk also studied
the reaction of water vapour at higher rressures and found that, as
the water vapour was slowly let in to 4.56 torr the change of work
function difference first decreased from its equilibrium value of

- 1.19 to 2 minimum value of - 1.425 eV and then began to rise.
These higher pressure results are very similar to those obtained by

Batt and Mee(125)

, on evaporated aluminium films. Fuggle et 2l

have also examined the reaction of aluminium films with water vapour.
The technigue they used was X-ray photoelectron spectroscopy (Xns)
or ESCA. Their results indicated that aluminium formed oxidised
layers with water vapour and oxygen. They observed an initial high
sticking coefficient which reached a maximum when the oxidized layer

(128) 454 not

was approximately 60% complete. Krueger and Pollack
observe the initial high sticking coefficient. This may be due to
the probability that samples were not completely clean. With the
exception of this initial region there was qualitative agreement
between the results.

Fuggle et al tried to measure the ratio of oxide to hydroxide
after "I-D_2 torr sec. exposure to water vapour, but found it difficult
to reproduce. The ratio varied from 6:1 to 10:1. However, they
concluded that 90% of the available hydrogen was lost from the
oxidised surface compared with not more than 60¥% in the similar

(129)

experiments of Krueger and Pollack. Eley and Wilkinson found
that approximately 70%x of the available hydrogen was liberated.
Their studies were done in a low vacuum and the measurements
probably start close to the stage where Fuggle et al finish in terms
of exposure. The results suggest that initially almost all of the

hydrogen is lost, but during later stages of reaction more hydroxide,

or hydrated oxide is formed.
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2.5 The Hydrogen Problem
Y =

wher aluminium reacts with a humid oxygen environment, at
temperature less than 9000, the reaction produces bayerite,
pseudoboehmite and also hydrogen. +hat happens to hydrogen is of
great importance because it can produce degradation of mechanical
properties of many alloys and elements. There are many ways by which
hydrogen can produce degradation and one is by hydrogen embrittlement,
(Bernstin, Hchight(130‘131)}.

The fundamental understanding of hydrogen embrittlement and of
the associated areas of hydrogen diffusion and solubility including
interaction with defects, is advancing. However, much controversy
remains for embrittlement mechanism where some completely opposing
models are still being supported.

There are phenomenological differences in Hydrogen Embrittlement
depending on whether the source of the hydrogen is internal or
external. In some cases dramatic differences are observed in the
response of a material to internal and external hydrogen. For
example, some alloys (Rene 41 and Inconel 718) are embrittled by

(132)

high pressure external hydrogen, Jewett et al but are unaffected

under loading after rather severe electrolytic charging (Groenevelt
end Fletcher''22)). It is difficult to be certain where different
embrittlement mechanisms are operative.

The role of hydrogen, in HydrogenEmbrittlement, is that it
influences the atomic bond breaking at the tip of a crack and hence

can be related to effects on the interatomic cohesive force. This

(134)

concept was introduced by Troiano and is the basis of a theory by

(135)

Criani
Much research is being carried out on the mechanism of Hydrogen
(5)

Embrittlement. The results obtained by Scaman, Montgrain and Swann

on A1-2n-Mg alloys show hydrogen penetration of grain boundaries
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resulting in a loss of grain-boundary adhesive strength. Since it is
important to establish the form and morphology of the hydrogen on the
boundary, Scaman has demonstrated that high-pressure hydrogen-filled
bubbles cazn be formed on grain boundaries. These bubbles were formed
by the combined effect of a changed state of elastic stress in the
thin foil specimen and electron beam heating rapidly results in bubble
formation. Scaman has observed that, molecular hydrogen within the
bubble generates a significant stress to exceed the yield stress of
the surrounding metrix and this leads to the generation and
propagation of dislocations.

For a hydrogen bubble to be formed it is necessary that the
chemisorbed hydrogen be recombined to form molecular hydrogen. From
Scamans work, the activation barrier for this process must clearly
be small because of the ease of bubble formation under the
stimulation.of a 120 kV electron beam, because of the bubble
association with the grain-boundaries. The grain-boundary chemical
composition is very important. The role of grain-boundary
precipitates is also of interest. Again Scaman has demonstrated
that the hydrogen bubbles interact both with the grain boundary
precipitate and with intermetallic particles formed either during
casting or during homogenization. Addition of small quantities of
chromium and possibly menganese to aluminium alloys have beneficial

results.
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CHAPTER 3

ESSENTILL THECRY

3.1 Principle of Zlectron Spectroscopy for Chemical Analysis (ESCA)

when a surface is irradiated with photons (X-rays) electrons are
emitted from atoms in the surface layers. ESCA reproduces directly
the electronic level structure. All elements heavier than lithium
can be studied even if an element occurs together with several other
elements and represents only a small part of a chemical compound.

The ejected electrons can arise from two processes in the atom
as shown in Figure 5. In the first, direct photoionisation takes

place to give an electron with an energy Ee

E = E -EB1 ss s 3.1

€ X=ray

where E_, is the b nding energy of the electron in the atom and

B1
Ex-ray the energy of the incident radiation. The second process
takes place in the ionised atom, when an electron drops from a
higher energy level L, in the atom to fill the vacancy left by the
emitted electron. Instead of emitting a secondary photon all the
energy of this transition is given tc a third electron, generally
known as an Auger electron, which is then emitted. For analytical
purposes the importance of both types of electrcns are that they

have energies which are characteristic of the atoms from which they

have been emitted for a given incident photon energy.

3.1.1 Celculation of Binding Energies from ESCA spectra

The kinetic energy K;in of the photoelectron is given by

1
Kkin % Ex-ray i EB1 = Er iE e e e
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Here Ex—ray is the guantum energy of the i-ray photon, Egq is the
energy of liberation for the electron and E. is the recoil energy. By
using the law of conservation of momentum for the case when the

recoil is in the direction of the incoming photon there is an upper

limit for the recoil energy

1

m
Ly = Ex—ray M

z
Elzn . Ekin Ex-rax
: + > + > sesels De
-ray mc 2me
M and m are the masses of the recoiling atom and the photoelectron,
(non-relativistic calculation] by using the equation 3.3. The maximum
recoil energy for the photoelectric ejection of a valence electron is
calculated. In most cases it is less than one electron volt in
magnitude and with suitable choice of X-radiztion the recoil energy
becomes negligibly small.

Nearly always there exists a small electric field in the space
between the source and the entrance slit to the spectrometer even if
both are grounded. This is because grounding the source and the
spectrometer materizl means that their Fermi levels are the same. Any
difference in work function of the source material and the spectrometer
material thus gives a difference in macro-potential and therefore an
electric field in the space between source and spectrometer chamber.
The kinetic energy Ein of the electron when it enters the
spectrometer chamber is thus slightly different from the energy E1kin

which it has on emerging from the source. It is the kinetic energy

1
B . ! . .
“kin that is measured. The Fermi level is chosen as a reference

level for bulk mzterials.

E -

p * By ouy~ B, - gsp P 1

where Eb is the electron binding energy and ﬁsp is the work function
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of the spectrometer material. It should be noticed that the term

ﬂep does not depend on the source material and as long &s it does not
=]

vary with time, then the same work function correcticn can be applied

to all measurements.

3.7.2 The inherent level widths and energy separations

when an inner electron shell is ionized, the vacancy is filled by
outer electrons within 2 time interval of the order of 10-16 seconds.
The principle of uncertainty shows that there is a lack of definition
in the energy level of the order of a few electron volts. This is the
inherent width of the level, which defines an upper limit for the
accuracy with which atomic level energies can be measured. With ESCA
rmachines this limit can actually be reached.

ks is shown in the Figure 6 the width of each level decreases
with decreasing atomic number. In the case of aluminium both the k

(137

and Ly widths are only a few tenths of an electron volt

3«1.3 Electron escape

(138-140)

It is important to calculate the number of photoelectrons
dN that: (a) are emitted per second from a given nL (or nlj) subshell
of certain atoms contained in a differential volume element of thickness
dZ at a distance Z below the specimen surface, (b) escape from points
on the surface that are somewhere within the projection of the
spectrometer entrance aperture of effective area A, without being
inelastically scattered, (c) enter the spectrometer with velocity
vectors within the geometrical acceptance solid angle Ste  of the
spectrometer, and (d) are finally detected so as to contribute to the
resulting no-loss photoelectron peak. The initial kinetic energy
just after leaving the specimen surface is Eq and the final kinetic
energy during analysis is Ej equal to or smaller than EAO, and SLo

determines the relative energy resolution AE/EO Figure 7.
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The besic assumption utilized in connection with this model are

listed.

(1)

(2)

(3)

(&)

(5)

(6)

(7)

(8)

The specimen surface is assumed to be perfectly planar on an

atomic scale.

The specimen is assumed to be amorphous or to be composed of
randomly-oriented crystallites with characteristic dimensions
very small in comparison to those of Ao. In this way all
effects due to diffraction or channeling of X-rays or

electrons within the specimen cen be neglected.

The X-ray flux Io incident upon the specimen is assumed to be

uniform and is represented by a plane wave.

The refraction and reflection of X-rays at the surface are

described in terms of classical electromagnetic theory.

Both X-ray and photoelectron attenuation within the specimen
are assumed to follow an exponential decoy along their path
lengths. The characteristic attenuation lengths written as

(mean free paths) /\x for X-rays and A, for electrons.

The attenuation length for X-rays, although dependent on the
X-ray wave-length I\ o is assumed to be independent of the
angle of incidence @. This assumption appears to be

adequate for X-rays of approximately 1 Kev.

Although the electron attenuation length A e 1s known to be a
strong function of the rhotoelectron kinetic energy E. It
is assumed to be independent of ©, the angle of escape relative

to the surface.

The acceptance of electrons into the spectrometer for energy
analysis is assumed to be governed by a constant solid angle

N , acting over the projection of an effective aperture area
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Figure 7: Schematic drawing of an arbitrary spectrometer

geometry, with the nomenclature for various

quantities indicated (Fadley et al) W
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Ao onto the sample surface. With these assumptions, the
general expression for the number of photoelectrons dN is

given by Fadley as

X-ray flux number of atoms probability for
dN(G) = . .
et depth 2 in volume element nl emission intofle
L.
fraction escaping intensity loss factor detection
in no-loss peak due to retardation efficiency
aN(e) --I (1-R) Sin g - Z (’..p:?_ d 9_6._.2‘}._!'2. !
i 5 Sng®® “ASImE|"|'5Imez * Tav o
3 E
Z o
. exp A—:(-E—m . F E" . Do TEEE 3!5

R represents the X-ray reflection coefficient, f’iﬁ the number
density of the atom under consideration, Ao/sin © is the effective
specimen area seen by the projected spectrometer aperture;

dénl/dfl is the differential photoelectric cross-section for the nl
subshell; 2Z/Sin @ and Z/Sin © are the path lengths within the
specimen for X-rays and electrons - respectively; F/EO/E) represents
a function describing the intensity loss caused by retardation; and
Do ié an overall detector efficiency; :

An important special case of this model is shown schematically
in Figure 8. Consider a single uniform surface layer of thickness
t', with characteristic parameters e', /\e'E' and dGﬂlc/d.ﬂ- that need
not equal the corresponding values in the thick underlying substrate.
The kinetic energy E will depend on the subshell n'1' from which
the photoelectron is emitted. This model is thus relevant to such

1
experimental situations as chemisorbed layers, oxide layers. As t

U
is not too many times larger than;ﬂg'so that photoelectrons from the
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substrate can still escape through the surface layer without inelastic
scattering to a sufficient degree to be detected. The intensity of a

given photoelectron peak originating in the surface layer will be

given by:
¢ ’
X E{; ¢ dbr 1,/ A t
N, (6) = C =2 A @) |1-em "= et Beb
E an A, (E) 8in ©

and the intensities from the substrate

Eo ed nl A £
N i (G) = 0 e (E) exp ¥ e e seee 3.?
o S 5 A (E) sin @

L useful specizlization of this one-layer model is the substrate and
the nl rhotoelectron peaks of this atom are chemically shifted from
one another by a sufficient amount to enable measuring angular
distributions of each peak separately. This system has been studied
recently by Carlon and NcGuire. For such a system equation

reduces to:

N (@@ A, (B t A £
= exp - 1 - exp =
N t(ee A, (B A, (B) sin © A, (B) sin @
LR RN 3-8
which can further be simplified to:
/ J .
1 [N, (&) A_(2) (A1) A, ()(a10,) sin 0 = ¢ cese 3.9

- + 1
N () /\e (E) (;.1203)

Z.1.4 Effects of surface roughness

As in most experimental situations, it is difficult to satisfy

the assumption of an atomically flat surface; it is of interest to



- 41 -

determine at least qualitatively what the effects of surface roughness
will be on angular distributions. A rough surface is any surface
deviating from atomically flat roughness will affect the
photoemission process in 'basically two ways, (1) a given point on -
the surface may be shaded for either the incident X-rays or the
escaping electrons by adjacent roughness,(2) the true i-ray
incidence and electron escape-angles will,in general, be different
from the corresponding flat surface values at any point on a rough
surface. OSignificant X-ray shading will occur only if the
characteristic dimernsions of the roughness are of the order of f\x.
Llectron shading correspondingly need only be considered with
roughness dimensions of the order of Ae or larger.

In figure 9 the cross-section of an arbitrary rough surface is
shown. The overall incidence and escape angles @ and © are defined
relative to the planar average of the roughness. The true X-ray
incicence angle on an arbitrary differential element of area dA on
the surface is indicated by @", the true refraction angle by ﬂ"ﬂ
and the true electron escape angle by g .

Frovident that the characteristic dimensions of the roughness
are much larger than either Ax or/\e, we can approximate that volume
element generated by projecting each unshaded diA anti-parallel to
d4 ard into the surface as a single flat specimen of cross-
sectional area di., A differential volume element of such a specimen
at a distance Z below the surface will produce a number of

photoelectrons given

£ éénl 3in ¢ da 1 -
an(e) = ¢, =2 (1-r)¢ —_— —exp | -2 - + dz
E % sin P A N SSin g% A sin ¢

esee 310
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This is for a specimen of cross-section dA that is entirely in
view of the spectrometer aperture and for which the planar surface
angles £, Eﬁt and € are replaced by the values ;5 3 ﬁm and @
respectively describing the orientation of the arbitrary surface
elements.

Although total intensities from rough surfaces may equal those
from smooth surfaces, the average angle of emission<9‘> need not be
eqgual to &. Thus, the average depth of emission compared with that
from a smooth surface, will be correctly given by
/\e <Sin 0>ﬁ N " Sin <O‘> . This also affects the oxide and
hydroxide films.

The behaviour of a rough surface covered with a layer of
uniform thickness t is also rather important from an experimental
point of view. It is convenient to write the relevant expressions
as ratios of the rough surface total intensities with a surface

layer to the anologous smooth surface intensities with the same

surface layer:

NE @) ([1-em (=" (E) sin 0)] sin & 4%(e)

= v see . 3.1’|
AN [1-exp (-t /N, (E) Sin e)] Sin © A
NS 8O) e (-t /A, (B) Sin (0) ) AN s
N t(e) exp (-t [A'e (E) Sin @) Sin @ A

Here AR(O)/A can be treated as a single quantity representing the
ratio of total unshaded rough surface area to the total arez of a
smooth planar surface of the same overall dimensions. In the same

notation:



Y

R ’
N (©) ik R
P X {sin g (e L f e, v
N_ (0) Sin © A p

As a detailed illustration of this type of analysis Fadley 18

carried out numerical calculations for an idealized sinusoidal model
of surface roughness. The model surface he used is indicated in
Figure 10a. It is assumed to have a constant sinusoidal cross-
section in any plane parallel to the x-Z plane and thus can be
characterized as a 'one-dimensional' roughness.

The form of the surface is thus:
Z = (a/Z) Sin (2 X/%) sessse 3.1&'

The only other study of a specific model for surface roughness in

connection with X.P.S. was carried out by Ebel et al 1

s who
considered & one-dimensional triangular roughness such as that shown
in Figure 1Cb for the special case of right triangles and for fixed
Z = @ = 45, This study was primarily concerned with the effect of
cube size on intensities through X-ray shading, and did not consider
the forms of angular distributions from such surfaces.

In the work of Fadely et al L the average rough-surface
escape angles < 0'> were plotted ageinst the flat-surface escape
angle © for different values of a/\; these results can be explained
very simply. For @ near 900. the entire surface is unshaded and a
considerable fraction of the emission is from the sloping sides of
the sinusoidal surface for which € < 90°. Thus for any non-zero
value of a/A £ o'} will be less than © for © = 90°. Also as
a/\ becomes larger, the slopes become larger and < é) becomes

smaller near 900. For small values of ©, on the other hand, the

curve for each a/\ displays a region for which () > 6. This
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is due to the fact that only the uppermost rounded portionsof the
sinusoidal surface are unshaded and these in general will have a
range of G’ values from zerolto considerably above €.

Thus, for any non-zero value of a/\ { © ) will be less than
6 for 6290°. Ailso as a/A becomes larger the slopes become
larger and £ ©)  becomes smaller near 90°.

In this model it appears that relatively smooth surfaces with
a/A = 0.318 will behave essentially as flat surfaces over a region
symmetric about 45°, This suggests that experimental surfaces with
very low, but non-zero, roughness might be expected to conform most
closely to the flat surface model in some region of © near 45° and
that deviations from this model would occur on either the low-angle

or high sides of this region.

3.2 The Theory of Ellipsometry

The amplitude and phase of a beam of light reflected or
transmitted by a thin film, or combination, may be obtained by
solving Maxwell's equation with the appropriate boundary condition.
The problem is considerably simplified by the use of Fresnel
coefficients R and T where R is the ratio of reflected to
incident amplitudes and T is the ratic of transmitted to incident
amplitude.

The notation used here for different boundaries between media
is adopted from that of Abele's iy and used by Heavens 2 « A
superscript + or - indicates the direction of propogation with
respect to the normal to the film. The direction of the plane of
polarization of any orientation is specified with respect to the
plzne of incidence.

The wave vectors are resolved into components parallel and

perpendicular to the plane of incidence and are denoted by a



gl

subscript (P) and (s) respectively. The media are numbered znd the
raterizsl identified by this nurmber. For an absorbing medium, the
refractive index is a complex cguantity N = n - ik. The imaginary
part is related to the absorption of energy by the medium. ZFor
non-norral incidence, the angles of refraction become complex
guantities. The physical interpretation of this lies in the fact
that the planes of eguzl phase are no longer pzrallel to the planes
45

1
of ecual amplitude (Vasizk) . It may be shown that the Fresnel

coefficients are given by

R, " Elp y N1 Cos ﬂa - N2 Cos ¢1 i
- P T LU .
2(F) E:o - N, Cos Tz‘,l + N, Cos E:’;
E." N1 Cos ¢1 - N2 Cos ﬁa
R12(5) = 13 = asees 3-16
E13 N1 Cos ¢1 + N2 Cos ﬁz

For light travelling from medium 1 to medium 2 having an angle of
incidence ¢1 and angle of refraction ﬁa. Similar expressions exist
for the transmitted (P) and (S) components.

The above equations mey be applied to a single film, which is
assumed to be homogeneous and isotropic and to have parallel plane
boundaries as indicated in Figure 11. This represents a parallel
beam of plane polarized light of unit amplitude and wavelength A
faelling on an absorbing film of thickness t and complex refractive
index N2 supported on an absorbing substrate of index N3.

The complex amplitudes of the successive beams reflected and
transmitted by the film are shown in Figure 11 in whicklga
represents the amplitude and phase change in traversing the film

once

§,=2L N, + cos g, vines 317

A 2
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The reflected amplitude from the whole systerm is thus given by the

infinite series

By By s 0 0 B 8 L wo g [R]) a8 18

which can be summed to give

-2ié
>

T R

12 T12 Boz ©

R =
e
1+R,.|2 R23e

12 = Rp *

eese 3,19

8,

It follows from the conservation of energy that Tio Tqp = 1T - [R,;E]2
ané substituting this into the previous expressions, the reflected

amplitude becomes

s e 3.20

where € is the amplitude ratio and A is the difference in phase of
the reflected light compared to the incident light. Two identical
expressions exist for the (R) and (S) components, although the
numerical values are different.

The ratio of amplitude changes for the (P) and (S) components

is given by

iAp :
Bg B Selh) @) , 18- 4

- e

iAS

EX R 3.21

As shall be shown, the ellipsometer mezsures Tan\l’ the
relative amplitude reduction, and A , the difference in phase

change for the (P) and (S) components. The parameters ¥ and A zre
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thus related, through the Fresnel coefficient, to the refractive
incdex and thickness of the film, and the argle of incidence. The
derivation of n and k for the film from the measurec values of ¥
and A is extremely lzborious, so thet an electronic computer is
very essentizl. For a clean opague film surface, n and k are
related to the instrument reading Y and A through equations

145

and are given in a form suitable for computation by Ditchburn as

Sinaﬁﬁ,’ tan® jﬁ.i (CosalP— Sin22‘P Sinaﬁ) + Sin® 2
n -k = 2 2 s 3.2—2
(1 + Sin“Y Cos A )

Sinz,@..' tan® £,y Siny Sind
enk = > 5 sses .23
(1 4+ 3in“Y cos A)

The extension of the calculations to several layers is possible since
a gingle film, bounded by two surfaces, has an effective reflection
coefficient and phase change. Such a film may be replaced by & single
surface having the same properties as indicated in Figure 11.

In this way, it is possible to start at the supporting
substrate and work upwards through each layer to the surface as

rerformed by Ro ard 146 or to start at the surface and work

downwards towards the substrate, as proposed by Vasicek A « For
an oxidized surface, the angles \Y and A are changed from the
values for a clean surface. If the optical constants of the oxide-
free surface are known, then any subsequent changes of the instrument
angles ‘P and A can be used to determine the thickness of the oxide
film formed.

Two Algol programmes were used in this work. The first
computed values of n and k for a range of values of ¥ and & at a
given angle of incidence. These computed values are pseudo-constants

(for a surface with a superimposed, i.e. a clean surface is

assumed). The second programme was used to predict values of ¥ and
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A for a range of values of n and k for the film whose thickness
was measured in a subsidiary experiment. The true values of n and
k were thern found by inspection by finding consistency between

valies of n, R, ¢, ¥ and A .

3.2.1 The compensator method

In this work most of the ellipsometry was done by using a
compensator method ind The principle of the compensator A
method is illustrated in Figure 12. FPlane polarized light, produced
by the polarizer P1 is incident on the specimen with azimuth W i.e.
its plane of polarization inclined at an angle W to the plane of
incidence. Conventionally, inclinations are considered positive if
anti-clockwise from the plane of incidence, looking towards the
oncoming light. On reflection from the specimen the difference in
amplitude retio and the difference in phase change between the (P)
and (S) components - ensures that the reflected light is, in
general, elliptically polarized, i.e. the tip of the electric vector
moves in an ellipse with azimuth of the major axis) and
ellipticity (ratio of minor to major axes)y . This elliptically
polarized light then passes through the compensator which consists
of a bi-refringent sheet of mica.

If the fast axis of the compensator is arranged to be parallel
to the major axis of the reflected ellipse, the vibrations along
the major and minor axis of the ellipse (for which a phase
difference of 90 degrees exists) are again brought into phase, and
plane polarized light results. The azimuth of this 'compensated!
plane polarized light will be at an angleif; to the major axis of
the ellipse (See Figure 13).

Finally the light passes through the analysing polaroid A

1

which may be rotated until its transmission axis is perpendicular

to the plane of viberation. In this condition, and only in this
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condition, the light intensity received by the photomultiplier
detector is Zero.

The experimental procedure is considerably simplified if the
compensator is first located with its fast axis a2t exactly QEO to
the plane of incidence.

The polarizer and analyser are then adjusted for minimum light
intensity received by the photomultiplier. The situation then
corresponds to that shown in Figure 13. The azimuth of the
reflected ellipse is always 450, or in other weords, the amplitudes
of the reflected (P) and (S) components are equal i.e. E; and Eg
are equal.

The azimuth W of the polarizer is then egual to the

parameter ‘{’ mentioned previously

i
B
Ta_n \P =_5_ sseses 3-2"4
= +
P
But Ly -
E E
dg:. B
E
ta-n qJ = e(p) = 'E_ = S+ sssee 3.25
(s) E. E
S L
- -
EZ Es
Since from above
E_
"'"E = 1.00 csene 3.26
Es
then
- | Y
ta'n(P = —— 8 ssees 3.27
£ - +
e p
+
Es

Hence from 2.10
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tan P

tan q/
kP

1]
N

The ellipticity ¥ is related to the phase difference A between

the (p) and (s) components. In general, it mey be shown that:

tan & = tan 2%
sin 2 )&

Since, from above X = h5°, sin 2% = 1.00 and
tanﬁ = tan 2 x 3 A = 2‘8 ssenn 3.29

The ellipticity ¥ and hence the phase difference A is
determined from the analyser azimuth, as shown in Figure 13. The
azimuth of the compensated light is 45° + ¥ , so that the azimuth
2t the analysér in its extinction position will be 45° + ¥ with
respect to oK the perpendicular to the plane of incidence. It is

this quantity marked X on Figure 13 which is measured experimentally

45° + ¥ = 45° 4+ B2

Since X

then A 2]{ e 900 s sass 3-30

In general, pairs of polarizer and analyser azimuths for extinction

49

occur which fall into four zones. MacCrakin L gives a detziled
explanation of the effect.
The total 32 pairs of polarizer and analyser positions for

extinction cen be understood in & methodical fashion by respresenting

the state of polarization of light by means of the Poincare sphere

3.3 Principles of Scanning Transmission Electron Microscopy (STEM)

The basic electron optical and instrumental elements required by

a high resolution (STEM), such as strong, electrically stable, probe-
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forming lenses,a beam deflection system, and srecimen manipulation
facilities of high mechaniczl stability are components which are
already in a highly developed state in a conventional high
resolution (TZM). In a STEYM system the beam is focussed to a fine
probe and scanned over the sanple as in scanning electron microscope.
Dlectrons which pass through the sample are collected and processed
as in a SEM system. In a STEM system the detector is beneath the
specimen. If another detector is placed above the sample, the
microscope can also be used as a high resolution SEM °* JEK 100C is
one such system whicrh combines STEM and SEM modes.

The resolution of STEM is determined by the probe size used.
The size of probe (d) obtained is controlled by such factors as the
gun brightness (B), the current (I) and the beam convergence (20% Yo
The relationship between the probe size and these parameters is given

by the expression:
3
d = (41/8T%3)" <P

3.3.1 Theory of STEM

Using the coordinate system shown in Figure (14) the electron

wa'e function in the object is

Y. (e) =/€(o<)exp { ik (d‘.()} det svier B2

where (G (X) is the angular variation of the incoming conical

illumination. It is given by

G &)

exp {i‘n‘(d, Z)} X é °<°
=0 X > o(o

4 _
with WX 7) - K(csv</1+ +A zo<72) cecee 333
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e
e

The system of coordinates Figure 14

Cs spherical aberration, CB.
The wave function in the detector plane is obtained by a

Fourier transform after the interaction with the specimen

‘P (B) =f T(R) GK-B)a% seiee Sk

where T(@X) is the scattering amplitude of the specimen. The wave
function can be split into two parts. One from the unscattered beam
(G(B), vith |G|
(QE (B)), so

1 in this case) and one from the scattered wave

Y p

G (B) + ¥, (B)

The detector plane intensity is then
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n

‘{Jq}. 1"'6‘*; *G:"}g""lyaq"a* ﬁédo

s
¥ ¥ o ceres 3435

where * denotes z complex conjugate.

The term (Gqé‘ - G‘Pé) is linearly related to the object
scattering anplitude, and this is the dominant term in the
formation of a bright-field phase contrast image. The term
¥E VE. is an additional nonlinear component. The final intensity
is found by integrating over the azimuth and phase of ﬁ is
appropriate for the detector. Complete details of this calculation

are given by Ref 150-151 .

3.3.2 JScanning Electron Microscopy (SEM)

The electron optical column contains an electron gun and a
series of electron lenses which focus a fine beam of electrons onto
the specimen surface. This electron beam is scanned across the
specimen surface in a rectangular raster in Synchrony with the
electron beam in the cathode ray tube (CRT). As the beam scans the
specimen surface, secondary electrons are generated at the specimen
surface; the secondary electron current varies according to the
local properties of the specimen surface. This current is amplified
to form the yideo signal which governs the brightness in the CRT;
the displayed image represents a picture of the specimen. Figure 15.
If the scanned area in the CRT is the same as that on the specimen
surface, the magnification is unity; but by reducing the scanned
area on the specimen, the magnification is increased. The usual

range for a commercial SEM is between 20 and 50,000.



3.3.3 Resolving Fower

In the absence of aberrations, the beam diameter is related to

the source diameter by magnification as follows:
d - — (N ] 3'36

where do is Aberration less beam diameter

Do Diameter of the source

M Magnification
The final beam current is

veses 337

J. Beam current density, A cm™>

e Charge on an electron, coulombs
¥  iccelerating voltage of primary beam, volts
T Temperature

Semi-angle of convergence of the beam

To get finer resolving power, the final beam diameter has to be
reduced. This can be done by increasing the magnification, but
this will also decrease the final beam current i. In practice, the
aberrations of the final lens will make the total beam diameter d
larger than d_ . The spherical aberration gives circle of Least

confusion given as
d = %Cdz ceesre 3.38

Where Cs is the spherical aberration constant.
For a well-designed lens C5 is of the order of a focal length

of the lens.

In chromatic aberration the electrons of higher energy come to
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a focus farther from the lens. This circle of least confusion has =

diameter

Av
dc = T Cct’( seene 3-39

Cc Chromatic zberration constant.

Diffraction also contributes an .'7 circle of diameter
15 =% -8
df = : v X 10 sesee 3.40

The total beam diameter d is usually estimated by adding in

quadratu e the various components

ss e 30“’1

For a transmission electron microscope (TEM) operating at V = 100 Kv
and AvZ v he aberraticns are small, and the typical resolving
power works out to be in the region of 0.7 nm. This has zlso been
achieved for special SEM. The reason why commercial available SEM
ﬁachines are so much worse is that commercial SEM machines are made
primarily to examine surfaces of bulk specimens by collectigﬂthe
low-energy (about 4 eV) secondary electrons from the specimen
surface, and this requires that the specimen surface be outside the
magnetic field of the final lens (otherwise, the low energy
electrons are trapped in the flux). This restriction increases the
foczl length, with a resultant increase in d.

The second reason is that the terms involving d, are more
important in SEM than in TEM.

The third reason is, in examining a bulk specimen, penetration
of the electron is restricted. In order to achieve this, the

accelerating voltage is kept low (values of 10 to 20 kV are typical
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for an SEVM). Unfertunately, lowering the value of V will increase

he values of ds, dc and df.

3.3.4 Contrast Formation

The advantage of SEM (over TEM) is the wide variety of contrast
mechanisms. This advantage arises from the fact that the focussing
operation and the contrast formation are now separated. The
information used to build up the image need not be focused. Any
measurable interacticn can be used to build up a picture of the
specimen. The interpretation depends on the interaction used to
form the image. For example measurable X-rays, which cannot be
focused, can be used to build up a picture of the elemental content
of the specimen surface. Another mode of operation is the
secondary electron collection to generate the video signal. The
pictures obtained give a most realistic presentation of the

geometry of the specimen surface.

3.4 TIon Bombardment

The study of the interaction of ioms with surfaces hazs a long
history, but with the introduction of ultra-high-vacuum techniques
the whole field of sufface investigation, including particle
interactions with surfaces really started, and in the past decade
a vast improvement in our understanding has resulted. Almen and
Bruce e laid the foundation of the experimental data on
sputtering which are still unchallenged but a detailed understanding
of the sputtering process still remains to be explored. Recently
a2 very good review by McCracken 153 has appeared on the

behaviour of surfaces under ion bombardment.

3.4.1 Types of interaction

when an ion first interacts with the surface the incident ion
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will transfer energy to the sclid. Lindhard and Scharff o divided
the process into two parts, electronic collisions and nuclear
collisions. The first process is the interaction of the fast ion
with the lattice electrons resulting in excitation and ionization, and
it is almost entirely inelastic. As the density of electrons is

kigh the collisions are so numercus that the process can normzlly be
regarded as one of continuous energy loss. This process has been

|'+ ). The

described in detail by (whaling, Lindhard and Scharff 15
second process by which an ion loss energy is by nuclear loss. This
results from collisions between the incident ion and the lattice
atoms, It can normally be considered tc be described by a two-

body collision in which the normal laws of conservation of energy
and momentum arplies. At high energies they can be accurately
described by Rutherford scattering and at medium energies by screened
Coulomb scattering.

The interactioncwith electrons lead to secondary electron
emission, emission of characteristic X-rays, and opticel photon
emission. Interactions with the lattice lead to displacement of
lattice atoms, formation of point defects, and, in cases where the
energy is transferred back to the surface, erosion of the target by
sputtering.

The interaction of the incident ion with electrons can be
thought of in terms of overlapping of electron shells. It causes

direct excitation of electrons in both the incident and the target

atoms.
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CHAPTER 4

EXPERTMENTAL PRCCEDURE AND EQUIFMENT

L,1 Preparation of aluminium sheets for ellipsometric experiments

Two groups of aluminium samples of different purity (99.3. and
89.9%.) were prepared. First, half of the samples from each group
were given heat treatment at 30000 for 10 minutes and the rest of the
samples were given heat treatment at 200°C for 10 minutes. These
two different heat treatments gave different degrees of crystazlisation.
The samples were then cooled in air._

411 the sarples were chemically polished by Phosbrite for 25
seconés at 100°C and cleaned in (HNOB) nitric acid followed by
distilled water. A hydroxide film was grown on these samples by
placing them vertically in a humidity chamber at ?OOC at 100G:
humidity. At fixed times the samples were taken out of the humidity
chamber and the ellipsometer readings taken at a wavelength‘k 540 nm.
After the readings were taken the samples were returned to the

humidity chamber.

4,2 Preparation of aluminium hydroxide films on glass substrate

Glass substrate which were cut from microscope slides were
cleaned by immersing in 3j detergent solution in an ultrasonic bath,
followed by repeated cleaning in distilled water in an ultrasonic
bath. Finally the substrates were boiled in isopropyl alcohol and
dried by withdrawing through the vapour.

Aluminium films were deposited onto glass substrates under high
vacuum and ultra-high vacuum conditions, ‘IO'6 torr and 10-9 torr
respectively. The thickness of each film was measured by

interferometry (Tolansky) after which the film was placed in the



- 65 -

humidity chamber and the time noted down. The film was examined
after every 15 min. and after a certain length of time the film
became transparent and again the time was noted.

The precise time when the film became transparent was
impertant, so the technique was refined. An apparatus was arranged
as shown in Figure 16. The aluminium film was placed between the
light source and the photodiode. The time was noted and the chart
recorder started. Vhen all the aluminium had been reacted to
become aluminium hydroxide, the film became transparent anc a higher
voltage reading was recorded on the chart recorder; the time was
also noted down. This was repeated with films of different thickness

and the results plotted.

L.3 Preparation of hydroxide filmson gold films substrate

4,%.,1 Principle of the method and sample preparation

(1) & thick film of a non reactive metal such as gold is deposited
on & glass substrate and the surface is characterised
ellipsometrically by the angles ¥ and A determined from the
instrument extinction settings. In turn the optical constants
can be computed from equation.

4 film of aluminium is then superimposed on the gold film. The
thickness of aluminium can be determined by an interference
method by Tolansky 120 with fringes of equal chromatic order

using an interference microscope.

(2) The aluminium films are then exposed to the water vapour
environment sufficiently long for all the aluminium to
react to form aluminium hydroxide. This state is easily

detected since the hydroxide film is non absorbing.

(3) The changes in Y and A + (&Y and §A) from the gold surface

due to the presence of the hydroxide film are measured.
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(4) The hydroxide film is then overlaid by & highly reflecting film
of aluminium and the hydroxide thickness determined by the

interference microscope.

L.,3.,2 Experimental Procedure

Glass substrates which were cut from microscope slides were
cleened by immersing in 3. detergent solution in an ultrasonic bath,
followed by repeated cleaning in distilled water in an ultrasonic
bath. Finally the substrates were boiled in isopropyl alcohol and
dried by withdrawing through the vapour. They were then mounted in
a vacuum system above a tungsten boat from which gold was evaporated
at a bazse pressure of 5 x 10-7 torr. After evaporation the gold
films were removed from the vacuum chamber anc annealed at 100°¢c
for 2 hours before ellipsometric readings were taken.

The gold films were replaced in the vacuum system and aluminium
films of various thicknesses were evaporated from & tungsten
filament. During evaporation it was possible to hold the pressure

6

to 2 x 10 ° torr. For each set of readings two aluminium films of
equal thickness were evaporated simultaneously. One was used for
ellipsometric tests and the other for thickness measurements.

Ficure 17 shows cross-sections through the substrates and film
system. Figure 17a represents the arrangement used for the
measurement of optical properties of gold. Figure 17b shows the
syster which was used for the measurement of ortical properties of
aluminium. Figure 17c shows the system which was used for thickness
measurement of aluminium films. The specimen for ellipsometric test
was placed vertically in a humidity chamber at 70°C and 100%
relative humidity. After the reaction was completed an aluminium
hydroxide film was formed on the gold film, as shown in Figure 174.

Figure 17f shows the system which was used for the measurement of
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aluminium hydroxide film thickness.

Uetails of the type of ellipsometer (with compensator) used in
these investigations have been given in 4.72 . i selection from
the 32 possible settings was made in the manner described by
IicCrackin 9 . Ellipsometric readings were mzde before and after
placing the specimens in the humidity chamber. 4 few sterioscan
photographs were also taken to determine the structure of the
hydroxide films. The gold films, the aluminium overlay films and
the hydroxide films were examined using & step scan X-ray

diffractometer.

L,4 Ellipsometry experimental procedure (vacuum)

The aluminium films were prepared by evaporation on to an
sluminium sheet substrate from a tungsten wire (O.5mm diameter).
The sluminium sheet was mounted onto & szmple holder shown in
Tigure 1€, the sample holder was electrically isolated from the
vacuum chamber by ceramic. The filament and sample material were
first degassed by pre-heating and successively evaporating several
small portions of the metal onto the shutter, before preparing
films for detailed examination.

The base pressure was 10'9 torr but during evaporation, which
wes carried out in a vacuum chamber as shown in Figure 1¢ the
pressure rose to 2 x 10-8 torr and immediately fell after evaporation
to less than 3 x 1072 torr. The aluminium used for eveporation had
bulk impurities, specified at less than 200 ppm.

Pure aluminium foil samples taken from scalped aluminium ingot
which had been homogenised and first hot and then cold-rolled to
sheet thickness of 0.5 mm were also examined. Some of the aluminium
sheet samples were heat treated at 310°C for 15 minutes and mounted

onto the sample holder shown in Figure 19. The sample holder was



B s T

attzched to a rotary drive. A1l aluminium sheet szmples had

protective oxide films. The protective oxide films were removed

by Argon ilon bombardment using ion tech B10 ion gun Figure 20.
-6 an .

At a pressure of 10 = torr,adsorbed monolayer can form in 1
second assuming the sticking coefficient is one. Therefore in
order to study controlled growth of oxide and hydroxide films, one

=g
should have base vacuum pressure of the order of 10 7 torr. This
pressure reguirement could be achieved in the vacuum system shown
in Figure 19.

Leliberate oxidetion of the sample, for experimental

recuirement, was achieved by exrosing the films to oxygen or water
=3 -k :

vapour at pressure between 10 - torr to 1C  torr within the

vacuum chamber. uwater was degassed by pumping it continuously inc

vacuum of 10-3 torr for severzl hours. The gases were leaked into

the vacuum chamber by & non-bakeable valve.

4.5 ESCL experimentzl procedure

The aluminium films were prepared by eveaporation on to &
polished Ni substrate from a tungsten wire (C.5 mm diameter). No
trace of the wire or substrate material was found in any of the
recorded spectra. The filament and sample were first degassed by
pre-heating and successively evaporating several small porticns of
the metal before preparing films for detailed study. For a
monatomic gas striking a typical metal surface, with a sticking
coefficient of 1.0, the time for formation of an adsorbed monolayer
is approximately 1 sec at 10-6 torr or 1000 sec at 10-9 torr. The
ESCA method require measurement times typically of the order of
300 sec for examination of position and shape of a given feature
in a spectrum, thus a vacuum at least as good as "IC}v"9 torr is

recuired. During the evaporation, which was carried out in sample
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Figure 18. Sample holder, electrically
isolated from the vacuum chamber by &

ceramic joint.







Figure 19.

apparatus.

General view of the
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Figure 20.

Ion gun.







L A

preparation chamber of a Vacuum Generators ESCA3 electron
spectrometer (Figure 21) the pressure rose to 10-8 torr but fell
immediately after evaporation to less than 10-9 torr. After
rreparation the samrle was transferred under the same vacuum to the
analyser chamber, where a pressure of less than 6 x 10-10 torr was
maintained. The metals used for evaporation had bulk impurities
specified less than 2C0 ppm. No metallic impurities were seen in
the eveporated films in spite of the great sensitivity of EECL to
such contaminants. No surface carbon was detected either, though
‘IO“F atoms Ccm™2 would have been observable. Oxygen contamination,
which was detectable, was very small at the start of a run.

For experimental requirements deliberzte oxidation of the
sample was achieved by exposing the films to oxygen, or water

L

vapour, at pressures between 10-7 and 10" torr, within the sample
preparation chamber. The oxygen was dried by means of a liquid
nitrogen cold trap; water was degassed by pumping it continuously,

L

inivacuum of 107" torr, for several hours. The purified gases were
leaked into the preparation chamber via a non-bzkeable valve. When
ceonnected to this valve the sample preparation chamber could
maintain?vacuum below 2 x 102 torr.

Pure aluminium samples taken from scalped aluminium ingot
which had been homogenised and first hot and then cold-rolled to
sheet thickness of 0.5 mm were also examined. Together with pure
aluminium foil, taken from the same sheets as above, heat treated
at 310°¢C for 15 mm and samples which have had their oxide removed
by electro-polishing and then stored in a dessicator for 5 days.

All the aluminium foil samples had aluminium oxide films
present. In order to study controlled growth of oxide and

hydroxide films on aluminium foil the protective oxides have to

be removed.
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Tre protective oxide films were removed by Argon ion bombardment

in the sample preparation chamber of the IS5CL spectrometer.

L.6 Microscopy - experimental procedure

Super-pure base aluminium (99.99%) was used for alloy
preparation.

The scalped ingots were homogenised and first hot and then ccld
rolled to sheet thicknesswesof 0.5 mm tLluminium sheets were annealed
at 310°C for 15 min. After heat treatment the sheets were allowed
to cool, to room temperature. Aluminium alloy sheets were heat
treated at 350°C, 450°C arnd 550°C for 30 min and cold water guenched

3 mm disc samples were punched out from the sheets. The samples
were then electropolished with fresh polishing solution, to render
them suitzable for electron microscopy. Zach sample was checked,
by an optical microscope for cleanliness. The samples were stored
in a dessicater to be freed from water vapour.

Disc samples were exrosed to water vapour at 7000 and 100%
relative humidity for different lengths of time. The samples were

Then examined in the electron microscope JZCL 100C TEMSCAN.

L,7 ZEllipsometer vacuum system

The vacuum system was a conventional one as used by Fane and
Neal 156 and is shown in Figure 22a. The stainless steel
experimental chamber was pumped by a four-stage diffusion pump
charged with DC. 705 oil. This pump was backed through a liquid
nitrogen trap by a 42.1 min-1 rotary pump. A water-cooled baffle
and two liquid nitrogen traps separated the chamber from the
pumps, the upper one being positioned so that it could be baked
with a heating tape to 250°C. Aluminium wire seals (C.625 mm diam)
were used between the chamber and the celd traps, and indium wire

seals between the traps and the diffusion pump where the system is
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not subject to baking. A plan view of the experimental chamber is
showvn in Figure 22b along with the optical arrangement and the B1C
Ion Tech ion gun, shown in Figure 21.

#11 flanges used copper gasket seals. A rressure of 10'9 torr

coulé be obtained after 24 hours of pumping.

4L,7.1 The Zllipsometer

The ellipsometer itself consisted of two triangular section
optical benches beolted to fixed plates on the vacuum bench. The
light source was & 24 volt, 15C watt tungsten filament projector
leamp, operated from a 13 volt transformer. This lamp provided
adeqguate intensity in the visible and near infra-red regions. A&
lens (L) in Figure 22b is placed such that it produces parallel
light which passes through a monochromator. 4 condenser lens 22
focuses the light on a2 pin-hole which is arranged to be at the focus
of the lens 22, this produces parallel light, which passes through
an aperture, to produce the desired size of the beam, and finzlly
through cptically flat kodial glass windows. After falling on the
specimen film at an angle of approximately 64 degrees, the light
vwas reflected out of the chamber, through the compensator and

analyser polaroids to the photomultiplier detector.

4L.,7.2 Form of Ellipsometer used at 546 nm - The Quarter wave plate
(18)

The method of compensation used is that due to Winterbottom

and is fully described in section 3.2.1. The polariser and analyser
consist of HN22 polarcid in graduated circular vernier scales. These
were supplied by the Frecision Tool and Instrument Company, and are
accurate to within * 2 minutes of angle. The quarter wave plate is
part of a senarmont compensator and is made of mica sheet also
mounted in a circular scale. Essentially quarter wave plates can be

constructed of any birefringent material for which the refractive
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indices for the ordinary and extraordinary rays differ. Representing
these indices by NO and ng respectively, the phase difference between
these two rays after passing through the plate will be given by

g - -‘;l (- ¥ )k vemns bod
where k is the thickness of the plate. Ior an exact guarter wave
plate 5 equals % and is determined solely by k. The actual thickness
of mica required is only 0.000135 mm so that absolutely exact

quarter wave plates are difficult to achieve. It is therefore
necessary to calibrate them to ensure that the actual phase
difference fzlls within the required limits. In the present work
calibration was carried out using the method of Jarrard 156 .

Briefly this method requires elliptically polarised light to be

passed through the compensator, C and the anzlyser A. Extinction of

the light is achieved for compensator znd analyser positions represented
by C and A respectively. Compensator and analyser are then moved,

first together, and then independently to & new extinction position
represented by 02 and A2 respectively. As shown by Jarrard the

phase difference introduced by the compensator is then given by

Cosg = Tan (;‘1 = Az) csons Hed

Qe
The results obtained for various wavelengths are shown in Figure 2k.

The error imparted to the analyser setting if a non-exact

159

quarter wave plate is used is discussed by Seward who shows
that if the quarter wave plate is in error by an amount &
(ise. § = % ig) and if it is used to compensate an ellipticity .

then the error in analyser setting, dA is given by

2 ik 2
Tan 2KS = g_.;lg Y gos ¢ cesee B3
2- £< sin” 2%



=B =

For the values of ellipticity that occur in the present experiments
(typically 700) calculations show that an error of 2 degrees in the
quarter wave plate would lead to an anazlyser error of less than 1
minute of angle. It may be concluded from Figure 22c¢ therefore,
that the guarter wave plate is acceptable over the wavelength range
530 nm to 59C nm. Accordingly & wavelength of 546 nm was chosen for

the experiments.

4,8 Procedure for determinztion of q/ and A for a specimen using

the Compensztor Method

The essential basis of the method, as explained in section
3.2.1 is that the azimuth of the plane polarised light incident on
the specimen is arranged so that the reflected light has equal
components in the (p) and (s) direction. (The reflected amplitude

E
ratio —= = 1.0). Because of the phase difference, A between these

Eg

components, the reflected light will always be elliptically polarised
with its major axis at 45° to the plané of incidence, and have an
1lipticity that depends on 4 . If the compensator is set with
its axes at 45 degrees tc a reference position this ensures that
the axes of the compensator coincide with the axgs of the reflected
ellipse. ILight of any ellipticity is then compensated, i.e.
converted to plane polarised light have an azimuth that depends on
the ellipticity, and hence on A ., The procedure, then, is as
follows.

The compensator is locked at 45 degrees to a reference position.
Ls before, the polariser and analyser are successively turned to
give minimum light intensity. The polariser extinction position, say
P, is then found by "bracketing' the minimum position with the
polariser then set at its extinction position, the analyser

extinction position, say A, is likewise found be 'bracketing'". The
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setting procedure is repeated for a polariser azimuth in another

quadrant but not 180 degrees away, giving readings P2 and A, on

2
polariser and analyser resrpectively. Two other polariser positions,
P3 and Ph’ together with their corresponding anélyser positions A

2

and Ah are also measured. It is found that P3 and PI+ are at
approximately 180 degrees to P, and P, respectively. A3 end A, are
also at 180 degrees to A, and A, respectively.

The compensator is then turned through 90 degrees so that the
fast axis azimuth is -45 degrees, with respect to the plane of
incidence, and four different pairs of polariser and analyser
settinrs obtained in the same way. As explained in Section (3.1.4)
time did not allow for measurement to be made in zall four zones
during some of the experiments.

Consider the polariser readings:

It has been shown in Section (3.2.1) that P1 and P, are

2
symmetrically placed abouti -p. In general, the polariser settings

are symmetrically placed about the plane of incidence. P1 - 7,

should equal TTP - P In general, the average is taken

20
(P1 "'"TP) + (Trp - Pz) =? senn e 1".4
i L

Tantyr equals the relative amplitude reduction between the (p) and

(s8) components produced by reflection from the specimen.
Consider the analyser readings:

As shown in Section (2.3), A1 and A, are always separated by

2
approximately 90 degrees. g ® A1 should equal s{p - A2. In

general the average is taken

(K = Ap) + (K -4
2

2) = X T

where the angle 2x - 90 degrees gives the relative phase retardation,
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J\ bvetween the (p) and (s) components.

L.9 ZISCi Apparatus

The vacuum system is shown in Figure 20. The stainless steel
preparation and experimental chambers vere pumped by sepsrate diffusion
pumps Edwards Model EO4 charged with Santovac 5 o0il (polyphenyl
ether). The diffusion pumps were separated from the preparation and
experimental chambers by liquid nitrogen traps. The diffusion pumps
were backed by rotary pumps.

The X-rey source was pumped by a Ferranti model FJO8 diode ion
pump. Both preparation and experimental chambers could be backed.
Lfter backing and with the liquid nitrogen traps filled pressures of -

= - . )
2 torr in the experimental and 10 2 torr in the preparaticn

10
chzmber could be obtained. For experimentel requirements, deliberzte
oxidation of the sample was achieved by exposing the films to oxygen,
or water vapour, at pressures between 10'? and 10'4 torr, within the
sample preparation chamber. Oxygen was admitted into the preparstion
chamber through vacuum generators model GHY viton s:aled valve. A
sample could be transferred to the experimental chamber under the
same vacuum where it was irradizted with X-rays with the result that
electrons are emitted from atoms in the surface layer. Electron
energies are characteristic of the atoms from which they have been
emitted. The emitted electrons are analysed in the spectrometer and
passed through the channel electron multiplier B419iL. The final
result is displayed by Bryans 26000 series X-Y recorder.

In order to analyse the sample under the top film and also to
study controlled growth of oxide and hydfoxide films on films on

aluminium foil he protective films were removed by Argon ion

bombzardment in the sample preparation chamber using ion tech B10

ion gun.
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L,10 Zlectron licroscopes

Bulk samples were examined in a Caomberdge steroscan., The
vecuum chamber was pumped by a diffusion pump backed by a rotary
pump which is separated from the diffusion pump by a liguid nitrogen
trap.

The electron transparent samples were examined by JzCL 100C
TEZMSCAN. Therefore it was possible to study the effect of underlying
microstructure on the location of reaction using combined scanning
trensmission electron microscopy (S.T.E.M) and scanning electron
microscopy (S.E.M). The maximum voltage at which the microscope
can be operated in the STEM and CTEM modes is 120k volt and 100k
volt for SEM. The CTEM image is obtained directly ontoc the screen
whereas the STEM and SEM information is processed before it is
displayed on a cathode-ray scope (C.R.S).

Vacuum system is 2 conventional one, liguid nitrogen trap
followed by diffusion pump backed by a rotary pump. A pressure of

10‘6

torr could be obtained when the ligquid nitrogen trap was filled.
It wes difficult to improve the vacuum because of the rubber sezls
used. Two samples could be mounted for examinztion at any one time.
To reduce contamination there was an anti-contaminant system,
which was filled with liguid nitrogen thereby producing a temperature

difference near the sample. Therefore the carbon contamination was

deposited on the cold surface and not the sample.
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CHAPTER 5

EXPERIMENTAL RESULTS AND DISCUSSION

5.1 Aluminium hydroxide on aluminium sheet: Ellipsometry Results

The changes in A and ¥ with time for exposure of aluminium
sheet in the humidity chamber are shown in Figure 2%z, b, ¢, d and in
Table T and 2. Figure 23a shows the change in A against time of
exposure at 70°C and 100¢ relative humidity. From figure 23a we can
see that the hydroxide growth on sample 3, which had a 99.3% purity
heat treated at 300°C for 10 minutes had a higher rate of hydroxide
growth than sample 4, (99.99%). Figure 23b shows the change in Y
against time of exposure at 70°C and 100% relative humidity. From
the Figure 23c¢ we czn see that the value of Y first increases
significantly due to accumulations on the surface, which could be due
to contamination or corrosion.

Figure 23c and 23d shows the change in A and ¥ against time of
exposure at 70°C and 100% relative humidity for two samples which were

first heat treated at 200°C for 10 minutes.

5.1.1 Scanning electron Microscope (SEM) Results

Aluminium sheets which had been exposed to water vapour at 70°C
and 100% relative humidity were examined in the SEM. An Figures 2La,
b, c and d are typical of the micrographs obtained. Figure 24a was
taken from an aluminium sheet which had been cleaned with Phosbite
and exposed to water vapour at ?OOC for 20 minutes. Figure 24b was
taken from an aluminium sheet which had been exposed tc water vapour
for a much longer period. Higher magnification of the pseudoboehmite
island showed islands on island with bayerites included (Figure 2kic).

Figure 24d was taken in the SEM reflective mode of the same area as
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in Figure 24c. This micrograph shows much more clearly the bayerite,

growing from the substrate.

Aluminium sheet 99.9% and 99.93 percent pure heat treated
ZOOOC and BOOOC for 1C minutes Table 1.

Aluminium sheet (99.93% purity)

heat treated at 200°C heat treated at 300°C
Sample No..-, Sample No.3,
exposure to exposure to
mrem Y |8 |Reres |V | 2
humidity (hours) humidity (hours)
(o) L6.95 | 134.70 0 k6.0 | 133.9
0.5 46,60 | 134.30 0.5 47.20 | 133.0
1.0 46.65 | 133.95 1.0 47.10 | 132.1
3.0 46.80 | 133.4 3.0 46.70 | 1320.0
6.0 k6.80 | 132.9 6.0 46.80 | 127.9
9.0 46,95 | 132.6 11.0 47,30 | 126.4
12.0 46.75 |132.15 14,0 47,20 | 125.2
15.0 46.80 | 131.90 17.0 47,10 | 124.3
18.0 46.85 | 131.85
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Aluminium sheet (99.99% purity)

Sample No. 1 heat treated

Sample No. 2 heat treated

at 200°¢ at 300°C

Exposure to Exposure to

awrocams Y | A [Womerr Y| A

100 humidity humidity

(hours) (hours)
0 47.1 134.3 0 L6.75 | 132.4
0.5 46.95 | 134.0 0.5 46.85 |130.9
1.0 L7.6 133.7 1.0 46,65 | 130.0
3.0 47.35 | 132.5 3.0 L6.55 | 129.2
6.0 47.5 132.0 6.0 L6.70 | 128.6
9.0 47.25 | 130.5 9.0 47.0 128.2
12,0 46,75 | 128.10 12.0 46.73 |127.8
15.0 L6.0 129.50 15.0 46.50 |127.6
18.0 45,4 129.2 18.0 k6,53 |127.2
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Figure 232: The graph of A against time of exposure to water

vapour at 70°C at 100% relative humidity
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Figure 24a. SEM micrograph.
Early stage of aluminium Figure 24b. SEM micrograph. Aluminium
nydroxide film on aluminium hydroxide film on aluminium sheet,

sheet, showing boehmite and baverite.

e 1 wnidl with baverite +} reflective
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5.2 Discussion: Growth of aluminium hydroxide on aluminium sheet

For sheets of super purity (99.9%) and commercial purity (99.93%)
2luminium, two different héat treatments resulted in different grain
sizes. These experiments were conducted in order to establish whether
differences could be detected by ellipsometry. From examination of
Figure 23%a, b, ¢, and d it is clear that different heat treatments do
have an effect on the rate of growth of hydroxide films, but before
aluminium sheets could be exposed to water vapour, the original
protective oxide film formed during rolling, had to be removed to
produce a 'clean surface'. Phosbite was used to clean the surface
and the action of Phosbite on oxide film is to chemically dissolve
them, but it is not clear how and when the new protective oxide film
was formed. It could have formed in the phosbite solution, but it is
more commonly accepted that it is formed just after removing from the
solution.

Aluminium sheets were exposed to water vapour saturated air
(wVSA) within 18 hours of cleaning. How thick the new protective
oxide film was at that stage, was difficult to say, but later
studies showed it to be 2 nm for both purities of aluminium with
different heat treatment. It is evident from Figure 23a, b, ¢ and d,
that Y and A changes show rapid changes initially followed by a
slow but continuous change. Figure 23b shows ¥ first increases
followed by a rapid drop. Whereas W - changes in Figure 23c show
o decrease, followed by an increase. These changes were difficult
to explain, but after the aluminium sheets had been examined in
SEM using EDX analysis, a possibility was suggested, that the
starting surface was not 'clean', because when bayerite pillars were
examined there were large amounts of copper present and the only
source of copper was the phosbite solution. Nea£6;;d obtained

similer effects with silver films which had been deliberately



contaminated with 1 or 2% copper.

5.2.1 Discussion: (SEM results)

The micrographs showed that the aluminium hydroxide
(pseudoboehmite) grows in the form of islands with bayerite within
it Fipure 2ba. The islands grow in two directions Figure 25a, they
become thicker and at the szme time grow along the surface until they
join up to form a continuous film as shown in Figure 24b and Figure
25b. when 2 higher magnification of one of the islands was
examined it was found that there were pseudoboehmite islands on top
of pseudoboehmite islands with bayerite crystals Figure 2hc.

The same area examined in the reflective mode showed that the
bayerite crystals grow from the aluminium substrate. This result

3

was in agreement with the work of Scaman and Tucks on aluminium
alloys reaction with WwVSA at 70°C. £ cross-section through
hydroxide film is shown in Figure 25c pseudoboehmite islands joining

up to form a continuous film with bayerite pillars growing from the

aluminium substrate.

5.3 ESCA results: Aluminium hydroxide on aluminium sheet

Figure 25d shows a general broad scan photo-electron spectrum
obtained from an aluminium sheet with an aluminium hydroxide film
grown for SO hours in a humidity chamber at ?OOC and 100% relative
humidity 41k radiation was employed (hv = 1486 eV) and the electron
kinetic energy was scanned from 500 to 1500 eV. The two peaks at
1366.6 eV and ©50 eV are readily identified from standard data as

corresponding to A1, and O - levels respectively. These emissions

2s 2
are not the only ones observed. Emission from other levels and the
plzasmon effects were also observed Figure 25e shows photo-electron

spectra obtained from the same sample as above but from a

different expanded range. Figure 25f shows the plots of aluminium,
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oxygen and carbton peak heights during etching of 2 sample which had an
aluminium hydroxide layer grown on it.

Table 3 gives the detailed results obtzined from aluminium
hydroxide film on aluminium sheet grown in a humidity chamber at 70°C,

100%: relative humidity.

Etch A125 A12p 015
time | O | A1 | O:AT
Peak %  [Peak 2 |Pezk %
min posn. width |posn. |width |posn. |width
2V 2V e\ e\ <V <V

0 103 | 14 | 2.25 |1366.6 | 2.4 [|1411.5 | 1.95 | 954.0 | 2.85
0.5 | 7412 ]1.88 [1366.6 | 2.85 |1411.5 | 2.30 |954.2 | 2.85
1.8 77 | 12 [ 1.96 |1366.6 | 2.90 |"411.4 | 2.30 |95k.2 | 2.85
5 62 | 11 | 1.73 [1366.6 | 2.90 |1411.6 | 2.40 |95%.2 | 2.80
59112 11.58 |1366.4 | 3.00 |1411.6 | 2.30 |954.2 | 2.75
13 116 | 23 | 1.59 |1366.5 | 3.10 [1411.4 | 2.30 |954.3 | 2.70
23 52|10 1.60 |1366.5 | 3.10 [1911.5 | 2.30 | 954.4 | 2.70
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5.4 Discussion of ESCA results obtained from aluminium sheet

The results from the ESCA examination of sheets of aluminium which
had been exposed to water vapour saturated air (WVSA) for 5 days at
?OOC showed that (Figure 25f) there was high level of carbon
contamination on the surface, which decreased rapidly as the sample
was ion-etched. This contamination had probably arisen from the
atmosphere and handling.

The aluminium 25 peak position remeined the same throughout
etckhing, but the half-width of the aluminium 2s pesk increased in
magnitude with increasing etching time. This could heve been due to
the charging of the surface layer. The ratio of oxygen (corrected
level) to aluminium (corrected level) decreased as the sample was
etched. This suggests that the structure of aluminium hydroxide
could be changing with thickness, but as the sample was further
etched the ratio increased, Table 3. This can be explained by
trapped aluminium in the hydroxide matrix, isolated from the aluminium
matrix, isolated from the

2
158

aluminium substrate has been reported by Barr .

substrate. Trapped aluminium in the A1

5.5 Results: Evaporated aluminium films with copper contamination

In previous experiments, aluminium sheets which had been cleaned
with Phosbite, were later exposed to WVSA at 70°C and examined in
SEM using the EDX analysis. High levels of copper contamination were
found in some of the bayerite pillars. Therefore experiments were
performed to investigate the effect of copper contamination.

Pure aluminium films were evaporated, from a tungsten boat on to
& glass substrate, which was at room temperature and a pressure of
10™® torr. In the eame vacuum & thin film 10 mm of copper was
evaporated on to the aluminium film. The aluminium film substrate

was masked so that not all the aluminium film was covered with copper
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Figure 24e. SEM micrograph.

Figure 24f. SEM micrograph.
Aluminium hydroxide film on Interface of aluminium/
glass substrate with thin copper film and aluminium
(10mm) copper film deposited film after reaction with
before reaction with WVSA. WVSA.
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contamination. The samples were then heated in an oven at 100°C for
2 hours. The sample was then exposed to WVSA at 70°C for 5 minutes
and examined in SEM. The results are shown in Figure 2hke, f, g, h.
Figure 24e shows the general view of the aluminium hydroxide film
which had been contaminated with a thin 10 nm copper film. Figure
24f shows the aluminium/copper film and aluminium film interface
after reaction with WVSA. Figure 2kg and 2kh shows higher

magnification of pseudoboehmite islands with bayerite pillars.

5.6 Results: Meassurement of hydroxide film thickness

The hydroxide film thickness measured by ellipsometry did not
correlate with hydroxide film thickness estimated by Tuck (Appendix).
Therefore it was decided to use an independent method of measuring
f£ilm thickness. The technique chosen was interferometry as developed
by Tolansky 8 .

Two aluminium films were simultaneously evaporated on to glass

substrate under a vacuum system of & pressure of 10-6 torr. Both
films were of the same thickness and one of the samples was used for
thickness measurement by interferometry. Other pairs of film
covering a range of thickness were also prepared. The second sample
of each pair was placed in a humidity chamber, exsmined visually
after every 15 minutes. After a certain length of time the film
becomes transparent, for aluminium hydroxide k = O, and the time
taken to achieve this was noted. The precise time when the film
became transparent was important in determining reaction rates so
the technique was refined, Chapter 4.1.

The results are shown in Figure 25g and Table 4 which gives the

times for sluminium films of different thickness to react completely

to aluminium hydroxide.



owt} eansodxe jsutede SWTTJ apIxoapky Jo ssaw{oTy3} Jo ydedd ayy 3962 8aNIT I

= T0 4

sajnutm UT sansodxo 000L
L |

00L 060 QL 09 06 O Of 02 oL
1 1 || ] T 1 1] T T

| B | T T L] L] ] LI | L} L 0

Lajswoxagyaajur £q peansesw
SSOUOTY3 OpTXOJpPAY umTUTUMTTY ‘
405

199Us U0 SSoUOTU3} opIXOJpAy WNTUTEMTY 409

JojswosdITIo Y3TA peanseau q
S04
403
406
400r

40LL

402L

wu
q0¢L ut
SSAUOTYY
oy TR




- 105 -

Tatle 4 Hydroxide film thickness against time of exposure.

Time of exposure
to water vapour

Lluminium hydroxide saturated air at
film thickness nm. 7C°C in minutes.

25 26

i 50

55 80

56 90

102 650

123 2000

154 3200
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5.7 Results: Aluminium hydroxide films grown on gold and glass

Substrate

Since aluminium is reactive it is difficult to characterise a
surface without the presence of an oxide layer. Some experiments were
conducted by depositing aluminium on gold, the optical constants of
which were first measured. Aluminium hydroxide film thickresses were
measured as indicated by interferometry (Tolansky) 8 « It was also
possible to evaluate the thickness from ellipsometer readings since
the films were on & gold base, the optical constant (na, ka) of
which had previously been measured. By using a value n, for the
hydroxide film, values of ¥ and A were computed for various
hydroxide thicknesses on gold. A& "best fit" was found for films of
varicus thicknesses. The increase in thickness from the aluminium
metal to the complete hydroxide layer was also measured. Table 5
shows thicknesses of hydroxide measured by ellipsometry and by the
interference microscope and the original metal film thickness
measured by the interference microscope together with changes in
instrument parometers for increased thicknesses of aluminium
hydroxide on gold.

The instrument settings for the film free gecld base, QJ and A
were equal to ho.7° and 119.6° respectively at & wavelength of 546 nm
giving n, = 0.48 ¥ 0.005, k, = 2.54 * 0.1 for the gold leyer at an
engle of incidence of 64.2°,

Figure 26a, b and ¢ show stereoscan photographs of aluminium
hydroxide on glass and gold. Examination of the specimens using &
step scan X-ray diffractrometer, with Cobalt K radiation showed
that both the base gold films and the superimposed a2luminium films
had a preferred orientation in the (III) direction. Ixamination

of the aluminium hydroxide showed & weak line at 20 = 18.kL.
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Figure 26a. SEM micrographe.
Aluminium hydroxide film
on gold film substrate.

Figure 26b. SEM micrograph.
Thin aluminium hydroxide
film on glass substrate.

c. SFM micrograph.
aluminium hydroxide filnm

1lass substrate.
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5.8 Discussion: Aluminium film with copper contamination

Examination of the SEM micrograph, Figure 26b showed that the
aluminium hydroxide on aluminium film was initislly in the form of
islands, and increzsing to form a continuous film similar to the
hydroxide film on aluminium sheet, Figure 24b.

Therefore the mech:n:vwwith which the hydroxide film grows on
aluminium sheet and evaporated aluminium film must also be similar.
Presence of copper increasesthe reaction rate, which can be seen
from Figure 24f, showing a higher magnification of the interface of
aluminium/copper film and aluminium film, but the structure of islands
was similar to the islands on pure evaporated aluminium films and
aluminium sheet.

Higher magnification of the pseudoboehmite islands showed
bayerite like crystals which were also similar to the bayerite

pillars on aluminium hydroxide film grown on aluminium sheet.

5.8.1 Discussion: Measurement of hydroxide film thickness

Since the hydroxide film thickness measured by ellipsometry did
not correlate with hydroxide films thickness estimated by Tuck, an
independent method, interferometry as developed by Tolansky, for
measuring film thickness was used.

One of the reasons why there was an apparent discrepancy between
the measurement of hydroxide film thicknesses, was that Tucks
estimation of hydroxide film thickness values, in the same range as
ellipsometry values, were based on thick hydroxide film which had been
developed by exposure to WVSA at ?OOC for 20 days. Tuck repeated his
technique using aluminium film, as in this work, in the thickness
range of 10 nm to 300 nm. His results obtained from these
experiments confirmed the results in Table 4. Therefore it was

conclucded that a different mechanism operated for the development of
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thick layers of hydroxide film. The film thickness reaches a limit
by one mechanism and the process is taken over by another mechanism.
It is difficult to say which are the mechanisms operating for film
growth of less than 0.5 pm.

Film thicknesses measured by the Transparency technique and
ellipsometry agreed within experimental errors, Figure 25g.
Therefore it is concluded that ellipsométry can be satisfactorily
used for measuring hydroxide film thickness in the early stages of

growth.

5.8.2 Discussion: Aluminium hydroxide films on gold and glass

substrate

The film free gold base yielded initial values of ¥ and A
which were substituted into equation 3.22 and 3.23 to evaluate the
optical constants n, and k2 for the surface. Using these computed
constants and a two layer programme, values of the angles ¥ and A ,
were computed for composite surfaces of varying aluminium hydroxide
thicknesses on gold and on assumed value of refractive index for the
hydroxide. Figure 27a shows a plot of measured '-P and A for the
eight Aluminium hydroxide films together with computed values of W
and A using various values of refraction index for aluminium
hydroxide assqnmﬁk = 0. It can be seen from Figure 27a that in all
cases where k = O a complete loop is formed in that when very thick
£ilms are measured Y and A values repeated themselves.

There are two samples (7 and 8) for which the measured
ellipsometric parameters do not lie on any of the computed closed
loops. Figure 27b shows similar plots but in each case with a value

of k, = 0.0009 (i.e. a small absorption is assumed). It can now be
seen that 7 and 8 lie on curves with n, values between 1.55 to 1.60

and k.,‘ = 0.0009., This represents the best fit for thicker aluminium
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hydroxide film i.e. thicker than about 8C nm. uhen the optical
parsmeter Y and A for films less thar 80 nm are plotted on the
computed graph where k1 = O there is better agreement between the
computed thickness and measured thickness by interferometry. It would
appear therefore that in these early stages of growth the optical
constants for the hydroxide at a wavelength of 546 nm are
n, = 1.58 2 C.03 and k1 = 0 and for thicker films the constants are
given by n, = 1.58 2 0.03 and k, = 0.0009.

The optical constant of aluminium hydroxide film, prepared under
these conditions have not been reported in the literature. However,

the optical constants of electro-polished aluminium, reacting with hot

circulating water has been reported by Barrett o to be n, = 1.60
k1=00
Alvitt 7 has shown that the reaction of water with aluminium for

temperatures less than 90°C produces an outer layer of bayerite
crystals with en inner layer of pseudo-boehmite znd the other forms of
aluminium hydroxide are only produced at higher temperatures.

is already mentioned the step scan X-ray diffractrometer showed
a weak line at 20 = 18.4° using Cobolt & radiation which wes assumed
to be pseudo-boehmite, since the zluminium hydroxide in this was
formed at 70°C.

The structure of aluminium hydroxide on glass and on gold films
can be seen from Figure 26a, b and c. The micrographs 26a, 26c shows
the island structure and also the porous nature of the hydroxide films,
Figure 26c shows thin aluminium hydroxide film on glass substrate this
micrograph also illustrates the island structure of early stage of
growth.

The sensitivity of the method for determining the constants of
the superimposed hydroxide layer depends on the relative optical

constants of the base and film. It is also important that the base
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mzterizl is non reactive and this was the reason for suggesting either
gold or platinum. Calculztions have been made for four base materizls
zndé the results are illustrated in Figure 27c. A glass substrate is

le

W

st sensitive followed by gold, tantulum and platinum. Although an

oxide lzyer of the order of 1 nm forms on tantulum when expocsed to

1
6 ) it could be employed

163

the atmosphere (Apuado-Bombin and Neal
2as & base since it has been shown by Kunivek and lMelmed that in
many cases of film growth on metal it is possible to use pseudo

constants for a surface prior to subsequent film growth subject to

certain limitations.

5.9 E3CA Results: Semples exposed in vacuum

Aluminium sheets and eveporated aluminium film evaporated on to
etched cheet, (vacuum pressure during evaporation refer to section
L ,5) exposed to water vapour 'in situ' were examined in ISCA, using
MgKe radiation, Table 5 shows ESCA results of tests obtained from
aluminium sheet which had been electro-poclished and stored in dry air
for 5 days and subsequently etched to get profile anslysis. The

results show film thickness calculated using Fadley's expression:

: Nt (O) |, _(E)(AD)
J

i
+1 A (E) sine=t
Nt (0)f (E)(a1,05) 4

Nt () area under the aluminium oxide peak

N t (0) area under the aluminium metal peak

00

/\e(E)A1 escape depth of electron in aluminium metal

/{;(E)(A1203) escape depth of electron in alumin oxide

t = film thickness
It was possible to calculate film thickness using different
values of electron-escape depth in aluminium oxide and metal.

Tsble 6 shows data obtained from an aluminium sheet which had
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been 'cleaned' by ion etching and exposed to water vapour 'in situ'.
The exposures are in lLangmiurs where one langmiur = 106 torr sec
exXposure.

Table 7 shows ESCA data obtained from evaporated aluminium
'in situ' and exposed to oxygen. Film thicknesses were obtained
by assuming different escape depths.

Table & snows ESCA data obtained from evaporated aluminium
film which have been ion etched and exposed to water vapour and
oxygen 'in situ',

Figure 28 shows the aluminium 2p peak obtained from en
a2luminium sheet which had been electropolished and stored in dry
air for 5 days. The sheet was then ion etched, Figure 28a shows
the aluminium oxide and aluminium metal peak after various
etching periods. Figure 28b shows the aluminium metal peak with a
small aluminium oxide peak but after further etching the only
peak which remains is the aluminium metal peak. Figure 28¢c shows
the aluminium metal and oxide peaks after exposure to oxygen in
Langmuirs. The aluminium oxide peak increased in magnitude.
Figure 28d shows aluminium metal and oxide peaks after longer
€ Yposures.

Figure 28z to 28b are of aluminium oxide and hydroxide film
thickness against exposures in langmuirs. Film thicknesses are
calculated by assuming different values for the electron escape

depth.
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Aluminium oxid

Peak

fAluminium metal
peak

Aluminium oxide peck
after 5 days exposure
to oxygen at

atmospheric pressure

10 seconds of
ion etching

30 seconds of
ion etching

5 minutes of
ion etching

Aluminium oxide and metal 2p peaks after various

Figure 28a: .
stages of ion etching
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Aluminium oxide
peak

30 minutes ion etching

40 minutes ion etching

6C minutes ion etching
(pure metal peek)

Figure 28b: Aluminium oxide and metal 2p peak, after various stages

of ion etching
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Aluminium
metal
peak

(Pure metal peak)

10L

100L

300L

Figure 28c: Aluminium oxide and metal 2p peak, after various stages of
exposure to oxygen
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5CCL

1200L

2600L

! & after various stages of
Figure 28d: Lluminium oxide and metal 2p peak, after va s g
E L5 exposure to oxygen
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TABLE 5a
Sample Treatment A B c D
Area of mao3 Peak 78 100 100 76
A12P Peak | A1 Pezk 13 13 26 59

A1 Metal Peak

1180. 4 1179. 180. :
Position eV 80 79.8 | 1180.0 | 1180

A1 Fetal 7 width eV 1.40 1.40 1.40 1.40
£1;§i§i§§n°:$de peak 1177.0 | 1177.0 | 1177.4 | 1178.4
Aluminiug oxide 7 width 1.80 5.0k .04 2.16
e
Oxygss peakmggiition 722.5 722.5 722.5 722.6
Oxygen 3 width 2.4 2.3 2.25 2.4
eV main
Film (A1203)=1.63nm
Thiclmess (A1)=2.36nm ke Ao €4 e
using (ﬁ1203)=1.63nm
Fadleys (41)=2.5nm 9 309 e 1ok
Expression (A120)3=2.5nm i
3.82 2.8 1.5
for (A1)=2.5nm
o = 45°
Ellipsometric data e 3,90 - n

Film thickness in nm

A = Aluminium sheet which had been electropolished and kept in
oxygen for S5 days,

B = Ltched for 6 seconds, C = Etched for 40 seconds,

D = Etched for 60 seconds.
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Sample Treztment E F G
Area of A1203 Peak 60 9 ?
A1, Peak | A1 Peak 78 L L3
D
Alwinius Metad Feak 1181.48 | 1182.08 | 1182.0
Position eV
Aluminium Metal 7 width 1.68 i ALk
ev - - L
position eV
Aluminium oxide # width .16 .16 .16
eV
Oxygen peak position A 22 P
oV i 722. 722.6 722.5
Oxygen 7 width 2.3 5l 5.l
eV main % i
Film (A1203)=1.63nm c.8 C.27 0.26
thickness (A1)=2.3%6nm
using (A1203)=1.63nm
. 0.32 0.31
Fadleys (A1)=2.5nm .95 3 3
¥ ;
Expression (A1203)=2.5nm
o 1.01 0.33 C.32
(A1)=2.5nm
o=45°

Ellipsometric data
Film thickness in nm

=
"

Etched for 160 seconds,

w0
"

Etched for 60 minutes

Etched for 40 minutes
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TABIE 6b
Sample Treatment E F G
Area of A1203 Peak 14 15 14
A12P Peak | A1 Peak 33 30 28
Area ofois| Main peak 31 32 30
Peak Secondary peak 22 21 2L
Position eV 3 ¥ t
Aluminium Metel Z width 1,44 1.40 1.40
eV
Aluminium oxide 1179.08 | 1178.2 1178.6
Position eV
Aluminium oxide % width .16 5,04 BoAE
eV
Cxygen peak | Secondary 720.5 719.6 720.3
e O 722.2 721.4 721.8
Oxygen # width eV main 2.22 2.0k 2.04
Film (41.0,)=1.63nm
e> 0.51 0.6 0.6
thickness (A1)=2.%6nm
using (A1203)=2.Onm
0.60 0.6 0.6
Fadleys (31203)=2.5nm 6 9 9
Expression (A1203)=2.5nm
- - L] 2
o=45° (A1)=2.5nm 8.65 Ol Ol
Ellipsometric data film
thickness in nm 0.65 0.85 el

=
n

30L exposure (H,0), F = 60L exposure (E,0)

m
n

120L exposure (H20)
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=3
>
&
i
g

thickness in nm

Sample Treatment A B c D
A , i
Area of a12P A1203 Peak 2 16 18 12
Peak A1 Peak 35 29 32 41
Area of Ois | Main Peak 100 L6 46 23
Peak Secondary Peak 9 18 22 22
Aluminium Metal Peak 1180.64 | 1181.4 | 1182.0 | 1181.36
Position eV
Aluminium metal % width 1.50 1.4k 1.40 1,44
eV
position eV
Aluminium OXide 7:' width 2.16 2.28 2.1 1 .8
eV

Oxygen peak | Secondary 717.5 720 721.4 721.1
P°5§§i°n madn 721.0 722.0 | 722.8 722.8
Oxygen 7 width eV main 2.4 2.3 2.16 2.04
Film (A1203)=1.63nm

0.43 0.62 0.63 0.37
thickness (A1)=2.36nm
using (A1203)=2.0nm

0.5 0.74 G75 Ok
Fadleys (A1203)=2.5nm
Expression (A1203)=2.5nm

0.52 0.78 0.79 0.45
o=45° (A1,0,)=2.50m

3

Ellipsometric data film 0.55 0.80 i .55

o)
]

60L exposure

o
]

Aluminium sheet, etched clean and

10L exposure (HZO)

Sample was etched clean and given 60L exposure total (Héo)

Sample was etched clean and given 10L exposure total (HEO)
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TALRLE 6¢

Sample Treatment H I J
Area of A‘l20z Peak 15 15 20
-~
A12ﬂ Peak| A1 Peak 27 25 34
d 4
Area of OIS| Main peak 29 30 89
Feak Secondary peak 20 23 36
Aluminium lMetal Fezak
foaibivn o 1180.6 1180.9 1180.9
Aluminium Metal % width 1.40 1.40 1,40
ev . - L]
Aluminium oxide position 1 1 1178
A 178. 1178.3 178.1
: S g 5 1 s
Alumlnlumegxlde = width 2.0 2.04 2.04
Cxygen peak Secondary 719.8 719.9 719.7
P°§:,t1°n Main 721.4 721.7 221.6
Oxygen % width eV main 2.1 241 2.04
Film (A1203)=1.63nm
thickness (A1)=2.36nm 0.63 0.66 B
using (A1203)=2.0nm
0. 0. 0.78
Fedleys (41)=2.6nm 7 79 7
Expression| (11203)=2.5nm
. L] O.
0=L5° (A1)=2.5nm 0.78 .83 82
Ellipsometric data film »
thickness in nm 1.18 1.48
H = 300L exposure (H2O)' I = 1800 exposure (Héo)
J = Sample was etched clean and given 300L exposure total (Héo)
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TABLE 7a

Thickness in nm

Sample Treatment A B C D
Area of AlZO3 Peak 23 21 19 18
Alzp Peak | Al Peak 5 ¥y 7 8
Area of 0ls| Main Peak Lo 50 Sh 67
Peak | Secondary Peak 14 16 18 18
Aluminium Metal Peak
e itie b 1181.0 1181.1 1181.0 1181.0
Aluminium Metal # width
eV 1.4 a5 145 1.4
Aluminiumegxide position 1178.5 1178.3 1178.3 1178 .3
Aluminium oxide # width
eV 2.2 23 22 2.3
Oxygen peak | Secondary 719.7 720.2 719.6 719.5
PORSHATE o | i 721.4 | 722.2 | 721.6 | 721.b
Oxygen % width eV, main 2.6 2.7 25 2.6
Film (A1203)—1.63nm
L 1 L] L] -
thickness (Al)=2.36nm 03 0.45 0.49 Uray
using (41,0,)=2.0nm
3 0.3k 0.49 0.5k 0.63
Fadleys (A1)=2.5nm
Expression (A1203)=2.5nm
o=4s® (A1)=2.5nm 0.35 0.51 0.56 0.65
Ellipsometric data film X 0.5 0.62 0.9

A =

B = 10L exposure of oxygen
C = 30L exposure of oxygen
D = 140L exposure of oxygen

Aluminium film, evaporated in ESCA system
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Thickness in nm

TABLE 7b
Sample Treatment E E G
Area of Alzo3 Peak 17 16 16
Alzp Peak | A1 Peak 8 9 10
Lreaz of 0is| Main Peak 58 67 70
Peak | Secondary Peak 18 18 20
Adumsipiun polal Eeaic 1181.0 1181.0 1181.0
Position eV
Aluminium Metal % width 1.4 1.4 1.4
eV
Aluminium Oxide Position
1 . 1176. 1178.
eV 178.3 78.2 78.2
Aluminiuﬁvoxide 4 width 5.0 5.2 2.2
Oxygen FPeak | Secondary 719.2 720.2 719.5
position |
eV Main 721.4 722.2 721.4
Oxygen = width eV, main 2.5 2.5 2.6
Film (31203)=1.63nm
0.6 0.6 0.74
thickness (Al)=2.36nm ’ g
using (A1203)=2.0nm
0.6 0. 0.82
Fadleys (A1)=2.5nm 2 7
Expression (A1,0,)=2.5nm
'3 0.68 0.79 0.86
for e=45° (A1)=2.5nm
Ellipsometric data film 1.1 1.3 1.5

E

¥

Q2
n

220L exposure of oxygen

1220L exposure of oxygen

7000L exposure of oxygen




TLELE 8a
Sample Treatment A B c D
Area of 41,03 Peck 28 20 18 16
Alap Feck | Al Pea - 7 8 o
Area of DiS| Main Peak 13 53 60 70
Pezk | Secondary Peak 2 12 12 15
Reans st ferol Lol 1181.2 | 1181.1 | 1181.1 | 1181.1
Position eV
Aluminium metal 3 width 1.4 1.4 1.4 1.4
ev - - - -
Aluminium oxide position -~ 11 11 1
oV 78.5 78.5 178.5
Aluminium oxide % width X 5.2 5.2 5.2
ev - L] L
Cxygen Peak | Secondary 719.5 719.1 719.2 719.4
position
eV Main 722.2 722.2 4. 721.8 721.5
Oxygen % width eV, main 2.7 e 2.7 257
Film (51203)=1.63nm
- 0.47 0.57 0.69
thickness (Al)=2.3%6nm
using (A1203)=2.Onm
- OI51 0!63 00?5
Fadleys (Al)=2.5nm
Expression (ﬂ1203)=2.5nm
5 - 0053 0065 0‘?9
for e=45 (Al)=2.5nm
Ellipsometric data, Film
Thickness in nm A RS2 g kete
A = Aluminium film evaporated in ESCA system and etched for 5 mimies
B = 0L exposure of oxygen
C = 120L exposure of oxygen

D = 1200L exposure of oxygen




o

Sample Treatment E F G H
Lrea of AJ_EO3 Peak 26 18 16 16
Alap FPeak | A1 Peak - 8 8 9
Area of OIs| Main Peak Lo 68 70 73
Peak | Secondary Feak 7 17 19 16
Aluminium metal peak
sesition o¥ 1181.0 1181.0 1181.0 1181.0
Lluminium metal % width 1.4 1.4 1.4 1.5
eV
Aluminium oxide position
eV - 1178.2 1178.2 1178.2
Aluminium oxide % width
eV 2e2 2.2 2.2
Cxygen
Peak Secondary 719.4 719.2 719.2 719.3
position
eV Main 721.8 721 .4 721 .4 721.4
Oxygen % width eV, main 2.7 2.7 2.7 2.7
Film (A1.05)=1.63nm
2’3 m 0.57 0.63 0.69
thickness (Al)=2.36nm
using (41,0,)=2.0nm
23 3 0.63 0.69 0.75
Fadleys (41)=2.5nm
Expression (A1203)=2.5nm
- 0.65 0.72 0.79
for ©=45° (Al)=2.5nm
Ellipsometric data, Film N
thicknass in wa 0.60 110 1.50

HE TS

minutes,
F = 15L exposure (E,0),
G = 300L exposure (HEO)‘

H = 1200L exposure (HZO)

Aluminium film evaporated in ESCA system and etched for 5
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5.10 Ellipsometry Results obtained from aluminium sheets and

evaporated eluminium films in vacuum

Aluminium sheets and evaporated aluminium films which had been
exposed to water vapour or oxygen 'in situ' were examined by
ellipsometry at a wavelength 546 nm and an angle of incidence of

64.1°,

Table 9 shows the variation of 4) and A for samples of $9.99% pure
aluminium sheet which has been etched with Ar+ ions (4k volts

LO 4 beam current).

Sample 1

A *05 122,02 138.76  141.56  143.84 143,55

L s 39.75 43,1 43,32 43,50 43,60
Etch time (mins) 0 80 120 190 2ko
Sample 2

A .05 122.60  132.66 140.45 143.8 143,48

Y .05 41.81 L4o,93 43,37 Lz .4 43,6
Etch time (mins) 0 35 110 180 250
Sample 3

A 05 123.4 138.95 138.80 143,37 143,56

Wy 1.05 39.9 42,29 42.85 42,89 43,0
Etch time (mins) 0 30 60 150 210
Sample L

A *-05 121,30  137.20  142.40 43,4 143,60

Vv t.05 38.6 37.0 b3.2 43,4 43.8

Etch time (mins) 0 90 116 195 260



Sample 5
A *:05
Y #-05

Etch time (mins)

Sample 6
A =08
ql t.05

Etch time (mins)

i

Samgle 7
A t.05

Y .05

Etch time (mins)

125.35
Lo.80

120.2

37.4

121.?

51.2

- 132 -

132.10
43,1

Lo

134.15
39.75
€5

137.2
4c.8
80

140.2

L2.17
90

142.1
k2.6

110

142.9
L3.8
175

43,0
L3.2
185

143.35
43.35
185

143,45

Lh 1

143.65
k4,0

295

1L3.75
L3.65
285
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Table 10 shows the variztion of \P and A for samples of 92.9%. pure
i ke A ; = O Bty
aluminium sheet which hzd first beern hezted at 350 C for 15 mins in

4 e . ) I
a2ir end then etched with Ar ions.

Sample &

A *ros 115.15 138.68 139.67 142,33 143,61

Yy +.05 43,34 43,09 L2.03 43.1 43,2
Ztch time (mins) 0 150 185 210 285
Sample 9

A X408 115.13 128.9 140,09 141,43 143,45

p 105 39.9 k2.29 L3,419 L3z,41 L3.42
Etch time (mins) 0 160 205 230 290
Sample 10

A Zos 115.13 138,90 139.45 140,10 191.43 143,47

Y x5 37.2 L2,85 42,90 42.86  ¢3.0 43,0
Etch time (mins) 0 90 120 150 210 200

Sample 11

205 107.9 127.61  135.39 140.06 142.50 143.50

P *os 42,67  41.37  43.41 43,29  L3.40  43.8
Etch time (mins) 0 20 85 145 230 210
Sample 12

A t.ox 119.22  137.4 141.65  141.958 142.35 143,42

Y *.05 TR S o 46 42,91 43,32 43,3

Etch time (mins) 0 65 105 165 2k5 325
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Tatle 11 shows the veriations in Y and A as etched 99.99%. pure
£ -
aluminium sheet was exposed to water vapour at pressures between 10

to 10_8 torr.

Semple 1
Gt tor. LTS (0 e W ey
43,60 143,55 0 0
43,55 142,99 10 C.5k
43,60 142.86 30 0.65
43,62 142,72 90 .80
43,68 142,42 250 1.10
43,70 142,36 900 1.15
b3.74 142,01 2 x 10° 1.50
Sample 2
) top. Nhos, BENER S ST Binsey o
43.60 143,48 0 0
43,64 142.95 10 0.51
42,68 142,84 30 0.60
43.70 142,69 90 0.74
43,70 142,46 200 1.00
43.67 142.36 900 1.06

43,75 142.02 1.2x10° 1.42
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Sample 3
W tos 5 A bos tmmize | Dliestind 57
Lz,00 143,56 o} 0.0
43,20 143,00 10 0.53
Lz, 24 142.87 30 0.66
43,30 142,73 90 0.78
43,40 142,47 300 1.C3
43,45 142,39 800 1,12
43,40 142.1 1.2x10° 1.42
Sample 4
el e T e S
L3,80 143,60 0 0.0
43,90 143, 0k 10 0.5k4
43.85 142.91 30 0.67
43.90 142,77 90 0.78
43,94 142,48 250 1.06
44,00 42 .41 900 1.13
4,05 142,03  2x10° 1.31
Sample 8
ot Wizte i SEEECEIS,
43,20 143,61 0 0.0
43,27 143,05 10 0.53
43,32 142,92 30 0.65
43.30 142.52 200 0.96
43,40 42,42 900 1.15
43,45 142,12 1.2x10° 1.45
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Sample 9

| l ,:..05 A.:Os Exposure Hydroxide Thickness

Langmuirs Ellipsometry+ 5 Y,
43,42 143,45 0 .
43,45 142.89 10 : 0.54
43,40 142.76 20 0.66
43.50 142,61 90 c.78
42,50 142,36 300 1.0k
43.50 142,29 800 1.4
43.55 141,905 1.2%10° 1.48
Sample 10
W#05  A+05 Lingmuirs Hydﬁﬁi:ogﬁf-ﬁ?s;%
43.0 143,47 0 2
43,1 142,92 10 0,52
43.15 142,78 30 0.66
43.18 142,65 90 0.80
43,18 142,40 200 1.06
43.20 142,29 900 T2
43,20 141,94 2x10° 1.30

43,25 141,77 7%10° 1.70
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Sample 11
Hydroxide Thickness
t.05 A AL ?acpn;zﬂiis Ellipxslgmetry + 5‘%
43,80 143,50 0 0
43,80 142.95 10 0.55
43,85 142,86 30 0.64
43,90 142,60 200 0.90
42,85 142,49 300 1.0
43,90 142,16 1%10° 1.34
Sample 12
Eydroxide Thickness
LP: 05 At'o.; gﬁ;::;is Ellipggme try +5 %
42,3 143,42 2 0.2
43,31 143,21 10 0.5
43,30 142.89 20 0.62
43,40 142,78 200 0.90
43,45 142,51 300 1.00
43,47 142,141 1x10° 1.32
43,5 142,08 lx10° 1.50
43,5 141,68 3x1oh 1.72
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Table 12 shows the variations in qJ and A =s etched 95.9% pure
o = ; L
eluminium foil was exposed to oxygen at pressures between 10  to

-2
10 TOTY.

Sample 5

LP;"-DS A'j_’-og Exposure Hydroxide Thickness
langmuirs Cllipsometry am %5/,
44,10 143,45 0 0
L4, 10 142,92 10 0.51
L4 .15 142.82 30 0.60
44 ,CO 142,55 200 0.88
Lk 20 142.45 300 0.98
L4, 20 142,13 1x10° 1.28
Sample 6
W05  At-o5 Tagmive  Eitpeosetsy nmtsy
L4 ,0 143,65 0 0
44,10 143,09 10 0.5k
L4 .10 143,01 30 0.61
Li 15 142,87 90 0.74
44,20 142,71 250 0.90
4k 15 142,42 900 1.21
44,20 142,17 4x10° 1,40
Sample 7
g T e S e e i
L3.65 143.75 0 C.0
43,70 143,19 10 C.54
43,80 143,09 30 0.63
42,85 142.80 200 0.93
Lz,90 142,68 300 1.05

43,95 142,28 1%10° 1,34



Teble 13 shows the variations in t#’ and Z& for an evaporated

aluminium film, on z2luminium foil as a substrate, znd exposed to

oxygen.

) das

L4 .10
44,10
Lk, 16
k4,20
Lk, 20
Lk .30

05
144,12
143.6
143,41
143,03
142,82

142.52

Hydroxide Thickness

Exposure nm
langmuirs Ellipsometry # S'%
0 C.C
10 0.50
50 0.75
400 1.08
2x10° 1.32
1x104 1.60

Table 14 shows the variations in ¥ and A for an evaporated

a2luminium film, on aluminium foil as a substrate, and exposed to

water vapour

Y105
Lh,13
LL,18
44,20
44,25
Ly, 30
L 4o

At-os

144,23
143.69
143,36
143,09
142.9

142.58

Hydroxide Thickness

Exposure nm
langmuirs Ellipsometry jus;z
0 0
10 0.52
70 0.85
300 1412
‘lx‘lO3 1.33
6x10° 1.62
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5.11 Discussion of ESCA results

In situ experiments in the ESCA apparatus were performed to
rmeasure the thickness of oxide and hycroxide films and their
structure on aluminium sheets and evaporated aluminium films.

For experimental purposes oxide and hydroxide films were grown
under controlled conditions. Before these experiments could be
performed on aluminium sheets, the protective oxide films were
removed, 'in situ' by Argon ion etching with an accelerating veoltage
of 4kV and ion beam current of 40 ui. After etching the sample was
transferred to the analysing chamber where the aluminium 2p pezk
was examined. As can be seen from aluminium 2p peak Figure 28a,
etching removed the zluminium oxide film. ZItching was continued
until the aluminium metal peak was the only peak observable Figure 28b,
but when the oxygen peai was examined, oxygen was still found to be
present on the surface Figure 28e.

The origin of oxygen on the surfzce could be due to the oxygen
in the solution of the metal (Hansen and hnderko164) or it could be
due to the adsorption from the vacuum system. The second possibility
can be ruled out because the pressure in the analysing chamber was
1077 torr or less and at this pressure it would take approximately
103 seconds to form a monolayer of adsorped oxygen. There is another
possibility to explain the origin of the oxygen present on surface.
During ion etching a number of different mechanisms are operating
(McCrazken). Cne of them is the knocking?éurface atoms into the
metrix. This could be one explanation of the oxygen presence even
after the aluminium oxide peak had disappeared. But with continuzsl
etching, oxygen from this origin should also be reduced to
undectectable levels. This was found not to be the case.

For experimental purposes the sample was etched until the level

of oxygen peak reached a plateau and this was taken to be the
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starting surface. Producing a 'clean' starting surface by ion
etching technique may give a clean surface from the point of view of
the surface corposition. But structurelly it is different, in that
there are dislocations and vacancies indu<ed by ion etching (McCraken).
Deliberate oxidation, for experimental purposes, was achieved by

=L
8 to 10 torr

79

bleeding in dry oxygen between pressures of 10~

believed

4

This pressure range was chosen because, Haber and Kirk
that the oxide formed within the pressure range of 10_3 to 10~
torr was structurally different to oxide formed at higher pressures.
£5 will be discussed, there was no evidence for it. Hydroxide films
were grown by bleeding in (Hao) water vapour from & we''er reservoir

which had been continuously pumped for 3 hours at a pressure of 10'£+
torr. This removed the adsorbed oxygen in water.

After each exposure in langmuirs, the sample was transferred to
the anzlysing chamber, under the same vacuum, where it was analysed
for the growth of oxide and hydroxide film by recording the spectra
of oxygen and aluminium 2p peak.

During exposure to X-ray radiation there was a temperature rise
but this was small corpared to the initial heat treatment given to

the aluminium sheet, therefore damage czused by X-ray radiation to

the sample must hzve been minimal.

5.11.1 Discussion: Oxide and hydroxide films on aluminium sheet

To calculate the oxide and hydroxide film thickness from the
ESCA results ‘he first step was to resolve the aluminium 2p peak
into aluminium oxide and aluminium metal peaks, Figure 29e. This
was done by using a curve resolver. Cnce the peak wa: resolved it
was possible to measure the relative areas of aluminium oxide and
2luminium metal under the peaks. When one examines the equation 3.9

g 1
which is simplified from Fadleys expression k2 s to calculate the
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oxide of hydroxide film thickness only the ratic of the area under

the aluminium oxide and aluminium metzl peaks is reguired.

area under the aluminium oxide peak Ae("")('&'l)
area under the aluminium metal peak A (E)(A1.0.)
e e 3

#+ 1 A;(E) sin 1;50

= t (Film thickness)

The other parameters required to calculate film thickness, are the
attentuation length or escape depths of electron in aluminium metal and
alumirium oxide.

These were teken from the literature (Powell) 163 1.63 nm for
aluminium oxide end 2.36 nm for aluminium metel and the results
presented in Table 5 and 6. An exposure of 10L, of water vapour,
only produced a film thickness of 0.37nm. The sticking coefficient
calculated from these results agreed quite well with Fort and weligé .

lster experiments on oxide film growth, on aluminium sheet for
longer exposures (7000L). Table 7 shows that the oxide film grows to
O.74 nmV/ith further exposures at atmospheric pressure for 21 sec
(1.5x1010L), the film thickness was found tc be 1.8nm, but when the
sample was exposed for longer periods at atmcspheric pressure (under
dry conditions) the oxide film thickness was such that the aluminium
2p metal peak could not be observed. The oxide film thickness after
such exposures was much greater than the escape depth of electron in
aluminium oxide.

The thickness of aluminium hydroxide film was found to be greater
than the oxide films, for same exposure time, using the same values
for the escape depth (Figure 30b) as for the aluminium oxide. One
of the reasons for using the escape depth of aluminium oxide for
calculating the hydroxide film thickness was, that no values of

escape depth for aluminium hydroxide have been reported in the
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literature. The second reason was thet, no difference could be
detected by ESCA, in the peak position of the aluminium oxide and
hydroxide or the half-width of aluminium oxide and hydroxide peaks.

When the aluminium oxide and aluminium metal peaks were
resolved, using a curve resclver ‘here was some difficulty in the
measurement of the areas uncder the aluminium oxide peak, because
for a pure aluminium metal the 2p peak is not symmetrical (Figure
28b).

When the aluminium sample is exposed to oxygen or water vapour,
the oxide and hydroxide peaks are on the same side, on which the
aluminium metal peak has the shoulder. With all these problems, it
was still possible to compare the results from evaporated aluminium
film and aluminium sheets. For the same exposure in langmuirs the
calculated thicknesses of aluminium oxide film on evaporated aluminium
film and aluminium sheet are comparable tablesis, /4, 17

It can be seen that an exposure of 10L on evaporated aluminium
film gives an oxide thickness of 0.45nm. The same exposure of
aluminium sheets give an oxide thickness of 0.45nm. To compare the
rate of growth of aluminium oxide film, on ion etched aluminium
films to clean aluminium evaporated film, the a2luminium films were
ion etched in the preparation chamber for 5 minutes after which the
specimen was transferred to the analysing chamber under the same
vacuum conditions.

The examination of the aluminium 2p peak, showed only the
aluminium metal pezk at a peak position of 1181.2 eV. But when the
oxygen peak was examined, oxygen was still found to be present on
the surface in small amounts. Further ion etching did not reduce
the level of oxygen. The presence of oxygen throughout the
evaporated aluminium films could be possibly due to volume

oxidation arising from the increase in pressure to 5x10 ( torr,
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during evaporation. The pressure fell to '1:::‘10-9 torr soon after
evaporation. DNeal et af!hsve argued that there was a possibility of
volume oxidation, during evaporation. The only other element which
could be detected by the ESCA method, after ion etching was Argon,
in very small amounts arising frcm the ion etching process.

For the same exposures, oxide growth on etched and unetched
evaporated aluminium films showed very little difference (Table 7 and
8). Therefore any vacancies and dislocation caused by ion etching
had little effect on the rates of growth.

Different values of escape depth for electrons in aluminium and
aluminium oxide at 1180 eV energy and at an angle of 450 were used
to calculate the film thickness. The results were ploted on Figure 30.
Ls can be seen from the Figure 30, increasing the escape depth from
1.63nm increases the calculated film thickness byoinm.

There are small variations in the half-widths of the aluminium
metal and aluminium oxide peaks. It is difficult to draw conclusicns
whether these variztions were due to change in oxide structure or
were just random variations.

In all the experiments either oxygen or water vapour exposure,
the oxygen peak could be resolved intc two separate peaks. When the
specimens were exposed to oxygen the peaks were separated by 1.7 eV.
The conclusion one reaches is, that oxygen on the surface is in two
states, oxides and the other adsorped oxygen. When the samples were
exposed to water vapour, oxygen peaks could still be resolved into
two peaks. Furthermore there were a few oxygen peaks which could be
resolved into three peaks. The conclusion one reaches in this case
is, that the oxygen was present on the surface of the specimen in
three states, oxide, hydroxide and adsorbed oxygen in the form of
water vapouf molecules. But this situation was found only in a few

cases. In most cases the two oxygen peaks were separated by 1.9 eV,
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127 3 pedadn 3 el
Tuggle et al " have reported similar work on evaporated films.

In their studies, they also found oxygen present on the surface in
three diiferent states, but their experimental conditions were
different. In their experiments the sample was cooled to —T?OC.
Therefore oxygen pesks were assigned to condensed water (ice) and
the other two oxygen peaks assigned to aluminium oxide and
tentatively to aluminium hydroxide. Therefore in the case of water

vapour exposure in the present work aluminium oxide and &luiinium

hydroxide were present together.

5.11.2 Discussion: Ellipsometry (vacuum)

Fllipsometry was used as a complimentary technigue, to measure
oxide and hydroxide film thicknesses grown 'in situ' urder ultrz
high vecuum conditions on aluminium sheets and evaporated aluminium
films.

Before aluminium sheets could be exposed to oxygen or water
vepour for experimental purposes, protective oxide films were remcved
'in situ' by Argon ion etching, the sample was rotated te a2 position
rreviously determined by alignment in the ellipsometry i.e. detected
by the photomultiplier of the instrument after reflection from
the sample. Ellipsometry readings were taken and the parameters Y
and /\ were calculated and ccrrected for effects of the windows. For
further ion etching the sample was rotated back to the position
vhere Argon ion etching could take place.

Since ellipsometry was being used as a complymentary technique,
the same experimental conditions had to be obtained as in ESCA
experiment. Ion etching was fherefore conducted at the same
accelerating voltage, ion beam current and angle as in ESCA. From
ILSCA experience, it was calculated how much ion etching was required

to produce & chemically 'clean' surface. In ellipsometry experiments
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Yy and A parameters were used to obtain a starting surfsce. TIurther
ion etching was continued until no further noticable chenge in
ellipsometric perameters Y and A was detected. In zll the cases,
the period of ion etching was longer,by 40 minutes, than the tire
required in the ESCA method to produce & chemically ‘clean' surface.

Therefore the sample for ellipsometric experiments were
chemicelly 'clean' and also perhaps with more vacancies and
dislocations. To reduce the number of vacancies and dislocations,
the sample was left in vacuum (10-9 torr) for 18 hours. During this
time, two different processes were taking place. Cne a thin oxide
film grew on the surface of the sample and second, since aluminium
anneals at low temperature (O'.Shea.)ml8 (25°C room temperature), the
number of vacancies and dislocations were reduced.

Finally to produce the starting surfaces, which were chemically
'clean' and structurally similar to the starting surface in ESCA
experiments, the sample was ion etched for a further 5 minutes. This
etch time would produce less damage after the annealing stage.

Deliberate oxidation, for experimental purposes was achieved by
bleeding in dry oxygen between pressures of 10_8 to 10'h torr., This
pressure range was chosen in order to perform the experiments under
similar conditions as in the ESCA tests. IHydroxide films were grown
by bleeding in water vapour, from a water reservoir between a
pressure range of 10-8 to 10'“ torr which had been continuously
pumped for 5 hours at a pressure of '10-3 torr.

The time taken for each ellipsometric pair of readings was small
compared to the time required for an ESCA spectrum. This reduced the
error in the exposure time. In this technique the amount of energy
which interacts with the sample, is very small. Therefore the
complication produced, in the study of oxide and hydroxide film

thickness by ESCA, due to surface heating in the ESCA equipment is
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negligible in ellipsometry.

5.11.3 Discussion: Oxide thickness

Aluminium sheet samples heated at 250°C and BSOOC for 10
minutes, were ion etched to produce 'clean' starting surfaces. From
ellipsometric readings it was possible to calculate the original
aluminium oxide film thicknesses which were found to be 20nm and
2.8nm respectively. With the ESCA technigue original oxide thickness
greater than the escape depth can only be estimated by ion etching.

Cxide and hydroxide film thicknesses were calculated by
assuming n = 1.58 and k = O. The optical constant of the sluminium
oxide films, prepared under these conditions have not been reported
in the literature. However, the optical constants of thicker films
have been reported to be between (n = 1.58 = 1.65) and k = 0. To
calculate the thickness of thin oxide films, the spread of optical
constant has little effect on the thickness i.e. for films less than
15.0 nm.

In the ellipsometric apparatus, there was a shutter in front of
the substrate, to reduce contamination when the aluminium film was
evaporated from the tungsten filament. Ellipsometric parameters,
and A , when measured were found to be lower than the reported
values, by Alan, Fane and Neal 137 « This again could be due to the
increase in pressure to 6 x 16? torr during evaporation despite the
rapid decrease to 5 x 169. soon after evaporation. There was some
volume oxidation which was found through the evaporated film, in
that similar values of ql and A were obtained as the film was etched.

Cormparison of the film thicknesses obtained by ellipsometric and
ESCA techniques showed that thickness measured by the ellipsometry
techniques were constantly higher for all exposures, Table 15 to 17.

For low exposures the differences were small, well within the
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experimental errors, but for longer exposures the differencesin film
thickness were large and could only be reduced by increazsing the value
of escape depth for electron in aluminium oxide and thereby
increasing the calculated film thickness obtained by the ESCL

1
technigue. Chang and Boulin 67

have recently reported a
disagreement between thicknesses measured by ellipsometry and Auger
spectroscopy. They measured the oxide thickness on 3i by using
Auger electron spectroscopy, without ion etching depth profiling, by
using the ratio of the chemically shifted and unshifted peaks from
the oxide and substrate. They concluded that, with the estimated
absolute accuracy for their technigue of 10i, comparisons of the Auger
measurements of the thickness, with ellipsometric determinations
revealed a discrepancy which was larger than their estimated limits
of error. They found no way of reducing the observed disagreement
without introducing other less acceptable, contradictions.

Chang and Boulin reached the conclusion that a large part of
the discrepancy o?iginated from a fundarertal difference in the
definitions of the interface plane because of the different physical
parameters measured.

The one possibility Chang and Boulin did not look into was that
the initial oxide films grow in the forms of islands as shown in
Figure 31. A4s can be seen from the Figure 31 the island height may
be larger than the escape depth of the electron in aluminium oxide.
Therefore the oxide at the base is not detected by ESCA, but this is
not the case with ellipsometry because there is no limit to the
thickness of the film it can detect as long &s k=0 or very small as
is the case in sluminium oxide films. In practice the substrate may
not be planar. Therefore the island could be represented as shown in

Figure 32. Here again the oxide film may be too thick, in places,
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for the IGCA technicue to detect. From the datz obtained it is
difficult to obtain the height and number of island present on any
sample because of the number of variables, such as, substrate
structure, locations of the islands, dimensions and the number of
islands on any area. This aspect of the effect of the growth

mechanism on measured film thickness needs further investigation.

5.12 Summary

In order to study the rate of growth of aluminium oxide and
hydroxide films, on aluminium sheets with ellipsecmetry, the original
rrotective oxide film feormed during relling was removed by Phosbite
etching. The changes in the ellipsometry parameters Y and A were
difficult to explain. Further investigztion using EDX analysis,
showed that the new oxide film contined copper contaminzation and the
source of this copper ccpper contaminaticn was bound to be in
Phosbite solution.Neallb? had obtained similar effects with silver
films which had been deliberately contaminated with 15 or Z' copper.
. SEM results showed that the aluminium hydroxide (pseudoboehmite)
grows in the form of islands, with bayerite within it. The islancs
grow in tvio directions, becoming thicker and at the same time
growing along the surface until they join up to form a continuous
film. Ixamination in the reflective mode showed that the bayerite
crystals grow from the aluminium substrate.

ESCA examination of the aluminium hydroxide grown cn aluminium
sheets showed high levels of carbon contamination on the surface,
which decreased rapidly as the sample was ion etched. This
contamination had probably arisen from the atmosphere and sample
handling. The ratio of oxygen (corrected level) to a2luminium

(corrected level) decreased as the sample was etched, but as the

sample was further etched the ratio increased. This can be
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explained by trapped aluminium in the hydroxide matrix and isolated
from the eluminium substrate. Barr’Eg has reported similar results.

The examination in 3EM, of aluminium film with copper
contamination after exposure to water vapour saturated air (WVSA) for
5 minutes showed islands, which were similar to the islands on pure
evaporated aluminium films and aluminium sheet. Further exsmination
showed that the presence of copper increases the reaction rate, which
could be seen from the interface of aluminium/copper film and
eluminium film.

For the measurement of hydroxide film thickness, an indepencdent
method (interferometry) was used. The reason why an independernt
method was used was because of an apparent discrepancy betweén the
measurement by ellipsometry and by Tucks methoc‘? » Tuck
repeated his technigue using evaporated a2luminium film - as in this
work, in the thickness range of 10nm to 30Cnm. His results obtained
from these experiments zgreed with the film thickness measured by
the Transparency technique.

Film thickness measured by the Transparency technique and
ellipsometry agreed to within experimental errors. Therefore it was
concluded ellipsometry could be satisfactorilly used for measuring
hydroxide film thickness in the early stages of growth.

The refractive index of the aluminium hydroxide was measured
ellipsometrically by, first evaporating gold films. The gold base
(gold film) yielded initial values of Y and A which were
substituted into equation 3.22 and 3.23 to evaluate the optical
constants n, and k2 for the surface. Using these computed constants
and a two layer programme, values of the angles ¢ and A were
computed for composite surfaces of varying aluminium hydroxide
thicknesses on gold and on assumed value of refractive index for

the hydroxide. when the optical parameter @ and A for films less
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than 80nm were plotted on the computed graph were k=C there was
agreement between the computed thickness and measured thickness by
interferometry. There were two samples (7 and £) for which the
measured optical parameter \Y and A did not lie on the computed
closed loops (k=0), but with a value of k1 = 0.000¢ (small abscrption)
7 and 8 were found to lie on the computed loops. It would appear
therefore that in early stages of growth the optical constants for
the hydroxide at a wavelength of Shbnm are n, = 1.58 ¥ 0.03 and

k

1 O and for thicker films the constants are better given by

n, = 1.58 I 0.03 and k, = 0.0009.

Aluminium hydroxide films formed on glass and on gold film
substrate were in the form of islands. The sensitivity of the method
for determining the constants of the superimposed hydroxide layers
cepends on the relative optical constants of the base and film. It

is also important that the base materisl is non reactive and this

was the reason for using gold.

ESCA and Ellipsometry (vacuum)

Before experiments could be performed on aluminium sheets, the
protective oxide films were removed 'in situ' by Argon ion etching.
In ZSCA experiments, continuous etching removed the aluminium oxide
Zp peak, but when the oxygen peak was examined, oxygen was still
found to be present on the surface. The origin of oxygen on the
surface could be due to the oxygen in the solution of the metal (
(Eansen and Anderko)

For experimental purposes the sample was etched until the level
of oxygen peak reached a plateau. For ellipsometric experiments the
changes in parameter W and A were used. Producing & 'clean'
starting surface by an etching technigue may give a clean surface
from the point of view of the surface chemical composition, but

structurally it is different, in that there are dislocations and
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vacencies induced by ion etching. IZxaminztion of the results from
evaporated aluminium films and etched evaporated aluminium showed no
difference therefore any change in the rate of growth, in oxide and
hyéroxide films induced by dislocztion and vacancies was negligible
or it could indicate that the ion bombardment did not affect the
structure significantly to produce any change.

To calculate the oxide and hydroxide film thickness from the
ESCA results the aluminivmappeak was resolved into aluminium oxide
and aluminium metal peaks. The relative areas under the aluminium
oxide and aluminium metal peaks were measured and substituted into
Fadleys expression L . FEllipsometry film thicknesses were measured
by, assuming n = 1.58 and k=0, but for small thicknesses less than
10nm a large charge in n, k have very little change on the calculated
film thickness.

Comparison of the film thicknesses obtained by ellipsometric and
BSCA technigues showed, that thicknesses measured by the ellipsometry
technique were consistently higher for all exposures. For low
exposure the differences were small, but for longer exposure, the
differences in film thicknesses were large. The discrepancy could
be explained by assuming that, the initial oxide and hydroxide films
grow in islands and the height of the islands may be larger than the
escape depth of the electron. Therefore the oxide or hydroxide at
the base was not detected by ESCL, but this was not the case with

ellipsometry.
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CE/PTER 6

RESULTS AND DISCUSSIONS (TEMSCAN)

The effects of exposing a freshly prepared zluminium specimen
to WVSA at 70°C, without filling the anticontamination chamber are
shown in Figure %3a, Figure 33b, ¢ and d show other features vhich
are produced by the interaction of the electron beam and the
specimen. Figure 34z shows reaction sites developed during
exposure to wVSA for 5 minutes at 7000: this micrograph was taken
away from the electron transparent area. licrographs taken on or
near electron transparent areas also showed reaction sites,

Firzure 34b. When the reaction sites were examined at higher
maegnification they appeared to be blisters, Figure 3b4c. Figure 3k4d
is a STEM micrograph of the same area as Figure 34c. The

underlying microstructure can be clearly seen and closer examination
revealed the blister. In most cases, reaction sites were randomly
distributed and not associated with any underlying microstructure,
but Figure 35a and b shows a reaction site associated with crystal
particles.

In the case of freshly prepared aluminium specimen, even
vhen the exposure time to WVSA at ?OOC was increased it was
difficult to see the reaction sites in STEM, Figure 35c and d.
Figure 36a shows the effect of increasing the oxide film
thickness until it is possible to observe complete blisters randomly
distributed. Wwhen the oxide film thickness was increased it was
possible to observe the blisters in the STEM, TEM and SEM modes,

(Figure 36b and 36¢). Figure 37a and 37b show the random
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distribution of blisters. Figure 38z and 38b show the effect of

increasing the exposure to water vapour until the reaction
product was randomly distributed tec take a2 diffraction pattern.
Figure 38c and 38d show the reaction product and the

diffraction pattern tsken from a bayerite particle. TFurther
examination of the bayerite particle, Figure 39a and Figure 39b
showed it to be more than a single crystal. Figure 39c shows the
boehmite reaction product developed during exposure to LWVSA for

180 minutes at 70°C on pure aluminium.
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Figure 33a. High resolution SEM
micrograph showing reacted areas
(A) with carbon contamination
(B) caused by 100 Kev electron
beam on pure aluminium electron
transparent specimen.

Figure 33b. Highezx

cation of one
contamination

magnifi-
of the carbon
marks.



ire 34a. High resolution SEM Figure 34b. High resolutior

ograph with react ed areas SEM micrograph with reacted
developed during exposure to sities near and on the

er-vapour-saturated air electron transparent area.

\) for 5 minutes at 70°C.
ed sities were observed
away from the electron
transparent area.
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Figure 35a. High resolution
SEM micrograph. A reaction
site associated with
crystal particles.

resolution
micrograph
developed during

Figure 35b. STEM micrograph of
the same area as Figure 35a.
The only features which are
observable in both modes are
the crystal particles on and
near grain boundaries.




Figure 36a, High resolution, high magnification SEM micro-
graph with reacted areas, randomly distributed in the
form of blisters, developed during exposure to WVSA for
minutes at 70°C on pure aluminium electron transparent

specimen which had been stored in dry air for 22 days.

Figure 36c. High resclution
SEM micrograph. Broken
blisters randomly distri-
buted.




TEM micrograph
Becaus« f the thicker oxide
film it is possible to observe
the blisters in TEM mode,
which are randomly distributed
and not associated with grain

DO LLLICLEL L 2

Figure 37b. Higher magnifi-
cation TEM micrograph,
randomly distributed
broken blisters.
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Figure 39a. TEM mic

taken in the dark f£fi
mode, crystal particle
with some internal
structure,.

Figure 39b. TEM micrograph,
more internal structure
suggesting particle is not
a single crystal.

»d during exposure t
a3 minutes at

On pure diUmini

sSpecimen
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6.2 Exvosure of electron transparent specimen to water vapour

A (o] Sk 3
saturated air at 70°C: Aluminium alloys

Aluminium alloy specimens prepared from sheets of aluminium 5%
magnesium which had been heat treated at 35000, were exposed to
¥WVSA for 1C minutes and examined. Figure 40Og shows the reaction
sites along grain boundary,surface-interface developed during
exposure to WVSA &t 7000. Blisters similar to the one seen on
pure aluminium can be seen on aluminium alloy. Figure 40b, ¢ and
d show that the reaction sites are only a surface phenomenon. These
reaction sites can also be observed in the TEM mode, Figure 41a,
but upon closer examinazticn it is possible tc see two rows of
reaction sites. This is because one row of reaction sites are on
the lower side and the other on the top side. As & result of a
few seconds of beam irradiatiom, hydrogen bubbles form on the grain
toundaries, Figure 41b, ¢, d, e and f.

Figure 42a shows a high magnification TEM micrograph. It is
possible to have hydrogen bubbles nucleated away from the grain
boundaries and be joined by dislocztion to larger bubbles,
Hydrogen bubbles are normally viewed by their stress field
contrast and Figure 42b shows how this can be improved by tilting
the specimen. In some cases hydrogen bubbles may be viewed by the
further interaction of 120 kV electron beam with the hydrogen
bubbles. Figure 43a, b, ¢ and d show a2 dynamic sequence anc the
associated phenomena which make it easy to observe hydrogen

bubbles.

Figure 4ka, b, ¢, d, e and f show that by changing the heat
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treatment it is possible to change the locetion of reaction sites.
Figure 45a, b, ¢, 4, 4fa, b show further examples of different heat
treatments and their effect on reaction site locations. Figure Lbc
shows cezrbon contamination marks after EDX analysis. The volune
from which the X-Kay information was obtzined was abcocut 50nm in
diameter. Aluminium 5 Znic samples, which had been prepared

from sheets of aluminium 5. Znic, heat treated at 35000, h50°C,
55000 and CWQ were also examined. No grain boundary surface
interface reaction sites were observed. Figure 41d shows a typical

reaction product developed during exposure to WVSL at 7C°C.



Fig. 40a. High resolution, low
magnification SEM micrograph,reaction
sites along grain boundaries developed
during exposure to WVSA for 10 minutes
at 70 C on aluminium 5% magnesium
electron transparent specimen which
had been heat treated at 330 C for

30 minutes.

Figure 40b. High resolution
SEM micrograph, large

single broken blister
surrounded by small complete
blisters.




Figure 4la. TEM micrograph,
reaction product sites in
two rows along grain
boundaries.

Figure 4lc. After 5 seconds
under 120 Kev electron beam
Increase in size and number
of bubbles.

Figure 4le, Another examplq
reaction sites e
with hydrogen bubbles, elect I

Figure 41b. TEM micrograph.
Two rows of reaction product
sites with hydrogen bubble
in between,

Figure 41d. After a total of

15 seconds under 120 Kev electron
beam. No further increase in
number or size of bubble but the
reaction product sites
decomposed.
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Figure 42a. High magnification TEM
micrograph. Hydrogen bubbles along
the grain boundaries (A) are joined
to smaller hydrogen bubbles (B) which
have nucleated away from the grain
boundary, by dislocations. (C)

100nm

Figure 42b. TEM micrograph.
Variation in hydrogen
bubble contrast on tilting.
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Figure 43a., Dynamic Seguence

showing the interaction f
120 Kev electron beam with dislocation looj
hydrogen 1 le 43a hydrogen
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Figure 46b. SEM micrograph of
the same area as in Figure 46a,

Figure 46a. STEM micrograph.
A triple point with no reaction

sites on alloy specimen which showing one grain boundary with
was prepared from a sheet, heat reaction sites.

treated at 450°C for 30 minutes

and CwWQ.,

I ] bc. I micrograph Figure 46d. SEM micr« graph.
rarbon contamination Randomly distributed react
AirKer artter EDX analysis. sites 1n the form of blister
. mn (Al5%Zn) specimen
was prepared from a sheet

1t treated at 150)



- 184 -

6.3.1 Discussion: Pure aluminium (TZMSCAN)

TZMSCAN wes used as an additionzl technique to obtain further
information on the reaction of aluminium and alloys with water vapour.
The electron transparent specimens were prepared from sheets of
aluninium and aluminium alloys which had been heated at various
temperatures. ZXZach of the specimen, after electro-polishing, was
exanined for cleanliness using an optical microscope.

Aluminium samples heated at different temperatures showed
different degrees of crystalization but initial experiments showed
very little difference in the rate of reazction with different heat
treatments, using the TEM mode. Therefore for further experiments
samples were prepared from sheets of pure aluminium which had been
heated at 350°C for 10 minutes. Before exposing to WVSA at 70°C,
samples were stored in a dessicator for 18 hours. The thickness of
cxide film present on the specimen, estimated from ellipsometry was
2.5 to 2.9 nn.

After the specimen had been exposed to WVSL at ?OOC for 5
minutes, it was examined in TEMSCAN, in the transmission electron
mode (TEM). NNo reaction sites or any other features which could be
associated with aluminium - water vapour reaction were observed.

The examination of the specimen in scanning transmission electron
mode (STEM), also showed no reaction sites. Vhen the sample was
examined in scanning electron mode (SEM), there were several features
which could be observed (Figure 33a).

Some of them could be readily identified as contamination marks,
due to the electron beam during focusing, but there were several
other features (Figure 33z and 33b) wvhich were initially thought of
as reaction products.

When combined, high resolution 3TI} and SEM microscopy of

precisely located areas in the electron transparent region were
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performed. TFeatures which were thought to be reaction sites Figure
33c could not be cbserved Figure 33d. The only exrlanation for this,
is that the features (reaction sites) are a few nm thick and
therefore it is only a surface phenomenon.

4fter reexamination of the micrograph Figure 3%z, it wss
concluded that some of the 'reaction' sites may be caused by the
interaction of the electron beam during exsmination of the specimen
in TEN and STEK modes, since carbon is always present as a residual
product, due to hydrocarbons in the vacuum from the rotary and
diffusion pump.

The vecuum was improved by filling the licuid nitrogen trap
and the anti-contaminztion device in the system with liguid
nitrogen. The anti-contamination device was operated by lowering the
temperature of the material near the specimen. The second method of
reducing the carbon contamination was by adopting e procedure by
which specimen was examined. Al specimens were first examined in
SEM mode and then followed by STEM and TEM. Teking 2ll these
precautions into consideraticn, electron transparent pure aluminium
samples were exsmined, which had previousiy been exposed to WVSA at
70°¢ Figure 34a. The micrograph was taken away from the electron
trensparent area. It shows randomly distributed reaction sites.
When Figure 34a was compared with Figure 33a, features A and B were
not observed. Similar reaction sites were observed near and on
electron transparent areas. When one of the reaction sites was
examined at hicher megnification Figure 34c, in the SEM mode, it
was found to be, on closer examination, a broken blister. It was
possible to observe broken walls of blisters. Examination of the
same area in the STEM mode showed only, at first sight, the

underlying microstructure. On closer examination however, it was

possible to observe the blister. This can again be explained by
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assuming, that blistering is a surface phenomenocn. These blisters
were found randomly distributed and with no associztion with the
underlying microstructure. But in some cases reaction sites were
associated with crystal particles (Figure 358). Further examinztion
in the STCM mode revezled them to be grown from the substrate.

Steverzl electron transperent aluminium specimens were given
longer exposures of VVSA at 7000 and upon exsmination in 3Tl mode
showed & greater number of reaction sites. During further
examination in the STLM mode (Figure 35d4), the only features
observable were the etch pits. Again underlying the fact that
festures observed in SEM are only surface phenomenon.

Since the blisters observed in the earlier work were broken it
was decided to attempt to obtain unbroken blisters by starting with
thicker oxide film prior to exposure.

Fror ellipsometry work it was found, that the oxide film
thickness after 1% hours was only 2.C to 2.5 nm, but increased
to 3.8 = 4.5 nm after 20 days.

Therefore after electro-polishing, & number of electron
transparent aluminium specimens were stored in dry air for 22
¢ays. They were then exposed to WVSA for 5 minutes at 70°C upon
examinzation, randomly distributed broken blisters were seen
(Figure 36a), but there were & few blisters which were still
complete. This was because the protective oxide film was thicker,
i.e. with thicker blister walls. It was possible to observe the
blister in the TLM and STEM modes.

The reaction of water vapour with electron transparent
aluminium specimens, under these conditions, has not been revorted
in the literature. However, Flower 165 has reported the reaction

of aluminium with water vapour after the specimen had been
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00 kV

exposed to electron irrsdiation in the energy range 1C0-1000
Q

&

These experiments were carried out 'in situ'. Flower reached
the conclusion, tﬁat the reaction was cue to ionizaticn rether thar
atomic displacement. The ionization lowered the oxide/metzl bond
strength and as the oxide grows it decohered from the metzl to
form blisters. Therefore the mechanism with which the blisters in
the present work were formed was different. 1In order tc understand
the mechanism of blister formation more clearly, the structure of
the protective oxide films needs to be looked at more closely.

159

Barr using ESCA obtained evidence of trapped aluminium in

the A1203 matrix isclated from the aluminium substrate. His
observations heve zlso been confirmed in the present work.
Protective oxide film may be represented as in Figure 47z, which
shows the oxide film with trepped aluminium ions, The water
molecule is attracted to the aluminium ions by the negative
charge on the oxygen atoms. The reaction of water molecule or
hydroxide ion produces aluminium oxide, hydroxide and hydrogen.
The presence of hydrogen near the metal/oxide bond weakens the
bond and also provides the internal pressure. The increase in
surface area of oxide film, due to the blister formation, is
compensated by the oxide of hydroxide formation in the oxide film,

The internal pressure required to produce the blister can
be calculated from the force required to break the oxide/metal
bond.

Lfter the blister is formed, the internal pressure increases.
Due to further reaction of aluminium substrate with water vapour
the pressure increases until the blister breaks, (Figure L7e).

Further reaction continues until there are islands of pseudo-

boehmite with Bayerite pillars, Figure 24d. As the reaction
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proceeds the islands join up to form a continuous film. To obtain
information about the structure of pseudoboehmite and Bayerite
crystals, aluminium electron transparent specimens were exposed to
WS4 at 70°C for 2 hours - ring diffraction patterns were obtained
from areas with pseudoboehmite reaction product, together with
diffraction patterns taken from Bayerite crystals. In both cases it
was ¢ifficult to establish the structure. ‘/hen a Bayerite particle
vias examined in the dark field mode (Figure 39a and 30b) the single
particle showed internal structure suggesting that the particle was

not a single crystal.

€.3.1 Discussion: ZAluminium zlloys

Sheets of aluminium 5 magnesium were heated at 350°C for 30
minutes and cold water quenched (CWG). From the work of Taylor and
Edgers 168 y, it is known that heat treatment at this temperature
produces grain boundary segregation. ZIlectron transparent specimens
were prepared, examined for clealiness, exposed te WVSA &t ?OOC
end examined in TElSCAN. To avoid carbon contaminztion, due to the
electron beam, the procedure which had been established previously, for
pure aluminium specimen was used. Figure LCa shows reaction sites
randomly distributed on the matrix but along the grain boundary
surface interface the reaction was much more advanced. Upon closer
examination, broken blisters were seen (Figure 40b). At higher
magnification, examinstion of one of the grain boundaries, in STEN
mode, Figure 4Cc, showed that no reaction wes produced, but when the
same area was examined in the SEM mode (Figure 4Od) reaction sites
2long grain boundary surface interfaces were seen:- suggesting
that it is also a surface phenomenon.

In the TEM mode, Figure 41a, it was possible to see two rows of
reaction sites on the grain boundary surface interfaces. Upon closer

exsmination of the two rows of reaction sites, Figure 41p, it wes
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noticed that hydrogen bubbles appeared under the action of electron
beam. TFigure 41c shows the development of hydrogen bubbles which are
viewed by their stress field contrast. The other phenomenon noticed,
which was also produced by the action of the electron beam on the
specimen, was the decorposition of reactions sites, Figure 41d.

Hycrogen bubbles, viewed by stress field contrast, in
L1-7n=r alloys have been reported by Scaman and Scaman ! s slani
and Swann. In the present work, a closer examination of hydrogen
bubbles on grain boundaries, it revealed that there were sneller
hydrogen bubbles which had nucleated away from the grein boundary.
These smell hydrogen bubbles were joined to larger hydrogen bubbtles
on the grain boundary by dislocations, Figure L42a. The smaller
bubbles could have nucleated away from the grain boundaries where
there was higher concentration of magnesium or vacancies.

Eydrogen bubbles were only observed after the interaction of
the electron beam, in this case 120 kV and it could be that the
hydrogen bubble phenomenon is only found in thin foils. The
molecular hydrogen, within the bubble, generates a significant
stress, as the yield stress of the surrounding matrix is soon
exceeded, and dislocation generation and propigation are observed.
This can be seen in dynamic sequence, Figure 43, which shows the
interaction of 120 kV electron beam with an accumulated grain-
boundary hydrogen bubble. The hydrogen butble first generates
three dislocation loops and after further exposure to the electron
bearm more dislocation loops are generated and finally a screw
dislocation loop was formed.

In order to form a hydrogen bubble it is necessary that the
chemisorbed hydrogen be recombined to form a hydrogen molecule and
be desorbed. The hydrogen atom can be highly mobile and may

rapidly migrate to grain boundary sites and with the energy required
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for the formation of the hydrogen moclecule coming from the 120 kV
electron bean.

Formation of the hydrogen bubble can be schematically represented
by, Figure 48. Hydrogen atoms migrate to the grain boundsry under
the action of the beam and recombine to form hydrogen moleculss.
Grzin boundary bonés are broken by the build up of pressure, and also
by the weakening of the bonds by the physical presence of hydrogen.
With further exposure to the electron beam, more hydrogen atoms form
hydrogen molecules to increase the pressure until the yield stress
of the surrounding matrix is exceeded and the bubble may be viewed
by the associated phenomenon, i.e. dislocaticn, dislocation loops and
more commonly the stress field contrast.

Fressure inside the hydrogen bubble can be calculated by amount
of force reguired to break the bounds and the area of the bubble.

The consideration of reaction sites and therefore hydrogen
bubbles associazted with grain boundaries on the aluminium 5%
magnesium is very important becsuse hydrogen penetration of grain
boundaries in Al- n-g alloys results in a loss of grain-boundary
adhesive strength and promotes intergranular embrittlement and
stress-corrosion crack propagaticn.

The precise chemical composition of the grain-boundary is
therefore extremely important. Changes in the composition of
magnesium on the grain boundary plane can be controlled by the heat
treatment and quenching.

Sheets of aluminium 5% magnesium were heat treated at 35000,
450°c, 550°C and cold water quenched (CWQ). =Ilectron transparent
specimens were prepared and exposed to WVSA at ?OOC for 5 minutes.
The samples which had been heated at 35000 showed grain boundary
surface interface reaction sites (Figure 44a). When the same area

was examined in STEM, Figure 44/, only the grain boundearies were
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seen. Lxazmination of the H50°C heat treatment sample showed grain
boundary surface interface and matrix reaction sites, but when the
sample was examined in the STEM mode, Figure 44d, it revealed two
more grain boundaries which had no reaction sites along them. Vhen
the 55000 hest treated sample was examined, only randomly

distributed reaction sites were seen. Further examination in the
STEM mode showed the grain boundaries more clearly but revealed no
new information. It was possible therefore to change the composition
of magnesium on the grain boundary plane. This shows up in the way
#VSA reacts on samples, with different heat treatments. When

grain boundary analysis of the samples, prepared from sheets heat
treated at different temperatures, was carried out using EDX analysis,
the results were inconclusive because there was no difference

between the amount of magnesium detected at the grain boundary and
the matrix. The micrograph, Figure kka, b, c, d, e, f, shows different
degrees of grain boundary surface interface attack for different heat
treatments and since the only elemental composition which can vary
with heat treatment is magnesium the conclusion one reaches is that
the concentration gradient —% of magnesium on the grain boundary
plane is sharp ané too narrow for the EDX detector to resolve.

The resolution of the EDX detector is about 50 nm and
magnesium concentration at the grain boundary width x may be much
smaller.

Scaman : has shown that hydrogen bubbles interact both with
the grain-boundary precipitate and with the intermetallic particles
formed during casting or during homogenization. The role of grain-
boundary precipitates is therefore important. Scaman has tried the
additions of Fe, Si, Fe + Si + (r), Fe + Sc + Mn, Fe + 5i + Zn pive
of which prevent grain-boundary hydrogen penetration.

It would be interesting to include Lithium in the cast, because
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Lithium adsorbes hydrogen very readily. Precipitates of 1i on grain
boundaries would readily adsorb hydrogen and prevent pernetration of
hydrogen into grair boundaries in Al-Zn-lMg and stop the loss of grain-
boundary adhesive strength and promote intergranular embrittlement

and stress-corrcsion.

6.4 Summary

Further information on the reaction of aluminium and aluminium
alloys was obtained by using TEMSCAN as an additional technique. All
the specimens had regions which were electron transparent. Initial
exzaminztion of the aluminium electron transparent specimen, after 5
minutes exposure to WVSA, in the TZM mode showed no reaction sites.
Further, combined high resolution STEM and SEM microscopy of
precisely located areas in the electron transparent region showved
features of aluminium reaction with WVSA. These features could only
be observed in SEM, but further observetion showed that some of the
features were carbon contamination due to the interaction of the
electron beam with the specimen.

Carbon contamination marks were reduced first by filling the
liquid nitrogen trap and the anti-contamination device in the system
with liquid nitrogen and secondly, by first examining the specimen
in SEM mode and then followed by STElM and TEM. Taking all these
precautions, examination of the electron transparent specimen, after
exposure to wVSA for 5 minutes showed randomly distributed reaction
sites in the form of blisters. Examination of the same area in the
STEM mode showed only, at first sight, the underlying microstructure.
On closer examination however, it was possible to observe the
blister. This could be explained by assuming that blistering was
a surface phenomenon. These blisters were found to be randomly

distributed and with no association with the underlying microstructure.
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By starting with a thicker oxide film, prior to exposure to WVSA
it was possible to observe in the STEM and TZVN modes. The reaction of
water vapour with electron transparent aluminium specimens, under
these conditions has not been so far reported in the literature.
However Flover 168 has reported on the reaction of aluminium with
water vapour, after the specimen had been exposed to electron
irraciation in the energy range of 10C-1000 kV. These experiments
were carried out 'in situ'. Flower reached the conclusion thzat the
reaction was due to ionization rather than atomic displacement. The
ionization lowered the oxide/metal bond strength and as the oxide
grows it decohered from the metal to form blisters. Therefore the
mechanism with which the blisters in the present work were formed
wes different. In the light of present experiments we can conclude
thzt the water molecule was attracted to the aluminium ions by the
negative charge on the oxygen atom. The reaction of water molecule
or hydroxide ion produces aluminium oxide, hydroxide and hydrogen.
The presence of hydrogen near the metal/oxide bond wezkens the bond
and also provides the internal pressure. After the blister had
formed, the internal pressure increased, due to further reaction of
the aluminium substrate with water wvapour.

The pressure increases until the blister burst. Further
reaction continues until there are islands of pseudoboehmite with
Bayerite pillars. As the reaction proceeds the islands Jjoin up to

form & continuous film.

Aluminium Alloys

Reaction of aluminium 5¢ magnesium electron transparent specimens
(prepared from sheets of aluminium 5% magnesium heated at 35000 for
30 minutes and cold water quenched (CWQ), with WVSA, showed reaction

sites not randomly distributed on the matrix but along the grain



boundary surface interface. The reaction was much more advanced than
on the metrix. Examinaticn in the STIM mode again only showed the
underlying microstructure suggesting that the reaction sites
(blisters) were a surface phenomenon.

In the TEN mode it was possible to see two rows of reaction
sites on the grain boundary surface interface. Upon closer
examination of the two rows of reaction sites it was noticed that
hydrogen bubbles sppeared under the action of the electron beam. The
hydrogen bubbles were viewed by their stress field contrast. The
other phenomenon noticed which was also produced by the action of
the electron beam on the specimen, was the decomposition of reaction
sites. Eydrogen bubbles were normally seen on the grain boundaries
but in & few cases smaller hydrogen bubbles which had nucleated away
from the grain boundary were cbserved. These smaller hydrogen
bubbles were joined to larger hydrogen bubbles on the grain boundary
by dislocations.

Eyvdrogen bubbles were only observed after the interaction of the
electron beam. In this case(120 kV)it could be that the Lydrogen
bubble phenomenon is only found in thin foils. Hydrogen bubbles
associzted with grain boundaries, on the aluminium 5! magnesium are
very important hecause hydrogen penetration of grain boundaries in
41-Zn-lg alloys results in a loss of grain-boundary gdhesive
strength and promotes intergranular embrittlement and stress-
corrosion crack propigation.

The chermical composition of the grain boundary was changed by
heat treating and water quenching sheets of aluminium 5% magnesium
after heating at 35000, 45000 and 55000. The sample which had been
heated at 35000 showed grain boundary surface interface reaction
sites. Examinztion of the 45000 heat treated sample showed grain

boundary surface interface and matrix reaction sites, but when the



55000 heat treated sample was examined only randomly distributed
reaction sites were seen. uhen grain boundary anelysis of the samples
prepared from sheets heat treated at different temperatures was
carried out using EDX aralysis the results were inconclusive because
there was no difference between the arount of magnesium detected

at the grain boundery and in the matrix.
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CCNCLUSICNS AND RECOMMENDATIONS

In this Chapter, a summary of the conclusions reached and some

possible extensions to the present work are presented.

Conclusions

In all the experiments conducted to evaluate surface film
growth, the state of the starting surface was very significent.
Ellipsometry experiments with aluminium sheet showed that copper
contamination gave rise to results which were difficult to explain.
SEM investigation of the aluminium films deliberately contaminated
with copper showed that the rate of growth on the surface with
corper contamination was much greater. Similar difficulties wvere
encountered in TEZMSCAN work where surface contaminstion (cerbon)
was difficult to detect in STEM and TEM and the only way it was
detected was by the combined high resolution STEM and ZEH
microscopy of precisely located areas in the electron transparent
region.

Examination of aluminium hydroxide on aluminium sheet v SEM
showed that the zluminium hydroxide (pseudoboehmite) grows in the
form of islands with bayerite within it. The islands grow in two
directions becoming thicker and at the same time growing along the
surface until they join up to form & continuous film. ZExamination
in the reflective mode showed thst the bayerite crystzls grow from
the aluminium substrate. Aluminium hydroxide films on glass and
on gold film substrate were also in the form of islands.

When an independent interferometric technique was used for

measuring the thickness of hydroxide films on gold it was possible
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to show thzt ellipsometry couli be used to measure beth the hydroxide
film thickness and the refractive index.

The refractive index of aluminium hydroxice wes found tc be, at
a wevelength of 54S nm, for film thickness less than €0 nm
n = 1.58 : C.03, k = O but for film thickness greater than 50 nm it
was necessary to assume an absorjtion (k = 0.00C9).,

For 'in situ' experiments in ESCA, continuous etching of the
2luminium sheet removed the aluminium oxide 2p peak, but when the
oxygen peak was examined, oxygen was still found to be present on the
surface. The origin of oxygen on the surface was due to oxygen in
the solution of the metal. For experimental purposes the sample was
etched until the level of oxygen peak reached a plateau. For
ellipsometric experiments a reference surface was defined in terms
of constant values for the parameter Yy end A . Examination of
the results from evaporated aluminium films aﬁﬁ etched evaporated
aluminium films showed no difference in the rate of film growth.
Therefore any change in the rate of growth, in oxide and hydroxide
films induced by dislocation and vacancies was negligible.

Comparison of the film thicknesses obtained by ellipsometric
and ESCA techniques showed that thicknesses measured by the
ellipsometric technigque were consistently higher for all exposures.
The discrepancy was explained by assuming that initial oxide and
hydroxide films grow in islands and when the height of the islands
is larger than the escape derth of the electron, the oxide or
hydroxide at the base was not being detected by LSCA.

Further examination, of the reaction of aluminium with WVSA,
using TEMSCAN showed that the initial oxide breaks away from the
substrate and forms blisters, therefore further reaction can
continue. These blisters were only observed in the SENM mode.

When the same area was examined in STEM, the only features
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observed were the underlying microstructure. This suggested that
the blistering was a surface phenomenon., By increasirg the oxide
film thickness prior tc exposure to WVSA it was possible to
observe unbroken blisters. These blisters could also be observed
in STEN and TEM modes. The reaction of aluminium with WVSA
proceeds by the blistering of the initizal oxide film.

keaction of aluminium 5. magnesium electron transparent
specimen prepared from sheets of aluminium 5 megnesium heated at
350°C for 30 minutes and (CWQ), with WVSA, showed reaction sites
randomly distributed on the matrix more concentrated along the grain
boundary surface interface. The reaction on the grain boundary was
much more advanced than on the matrix. Examination in STEMN mode
again only showed the underlying microstructure indicating that
the reaction sites (blisters) were a surface phenomenon.

Hydrogen bubbles were produced by the action of the electron
beam on the specimen and viewed by their stress field contrast.
Hydrogen bubbles were normally seen on the grain boundaries bul
in a few cases smaller EHydrogen bubbles which had nucieated away
from the grain boundary were observed. These smaller hydrogen
bubbles were joined to larger hydrogen bubbles on the grain
boundary by dislocation. The smaller hydrogen bubbles may have
nucleated away from the grain boundary because of the vacancies,
dislocation or higher concentration of magnesium.

Changes in the chemical composition of the grain boundary
for samples which had been heated at 35000. 45000 and 55000 were
examined using EDX analysis, but the results were inconclusive
because there was no difference between the amount of magnesium

detected at the grain boundary and in the matrix.



Recommendation for future work

There are a2 number of aspects of the present work which would

merit further investigation:

m

(a)

(b)

(c)

(a)

(e)

The refractive index of aluminium hydroxide, which weas
measured using gold film as the substrate, could be
investigated further using platinum or another non-

reactive materiel as the substrate.

The rate of growth of hydroxide films on aluminium alloy
sheets, could be investigated at atmospheric pressure,

using ellipsometry.

In the present work the rate of growth of oxide and
hydroxide film thickness, under ultra high vacuum
conditions was measured using ellipsometry. It would

be interesting to measure the rate of growth of oxide and

hydroxide film thickness on zluminium alloy sheets.

Recently Dares 168 has pointed out that Auger emission

at 1396 eV, using X-rays of Mg (1250 eV) gives a
separation between aluminium metal and aluminium oxide
peak of 7 eV. This may be advantageous to study the rate
of growth of oxide, hydroxide film thickness and the
structure, because of the large oxide, metal peak

separation.

Since the role of grain-boundary precipitates is very
important it would be_ interesting tc include lithium in
the cast, because lithium adsorbes hydrogen very readily.
Precipitates of Li on grain boundaries would readily
adsorb hydrogen and prevent penetration of hydroxide

into grain boundaries in Al-Zn-lg and stop the loss of



grain-boundary adhesive strength and promote intergrenulsr
embrittlement and stress-corrosion. Therefore it would be
interesting to carry out some TZHSC.N experiments on

specimens prepared from suck sheets.
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Measurement of Optical Constants and Thickness of Aluminium

Hydroxide Films Grown in Water Vapour.

A. S. Rehal and W. E. J. Neal
Physics Department, University of Aston in Birmingham,

Birmingham B4 7ET.

Abstract

The optical constants of aluminium hydroxide films.grown in a
humidity chamber at 70°C arrd 100% relative humidity, on gold

film substrates have been measured ellipsometrically at a wavelength
of A = 546 n.m. For thin films of aluminium hydroxide less than

BO n.m. the best fit for optical constants were found to be
n'=1.5819.03and1kf0, but for films more than 80n.m. thick, a

better fit was found with n,=l-551‘_0-9.§'~and k=0.0009. Interferometry
was used as an independent method for measuring aluminium and
aluminium hydroxide film thicknesses. The effect -on ellipsometric
parameters ¥ and A of changing the base optical constants were

also studied by computer simulation.
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Measurement of Optical Constants.and:Thickness of Aluminium

Hydroxide Films Grown in Water Vapour

A. S. Rehal and W. E. J. Neal
Physics Department,
University of Aston in Birmingham

B4 7ET

i B8 Introduction

The properties of corrosion layers of hydroxides or oxides on
metals are of con;iderable interest in all branches of science and engineer-
ing. In some cases surface layers form a protection against further
corrosion and the susceptibility of a metal to stress corrosion cracking
could be related to.the rupture of a protective surface film and the
repassivation rate of the freshly exposed metal ‘to the environment as
has been suggested by Ambrose and Kruger (l). The increased interest in
surface éroperties during the last decade has prompted investigations
using a wide range of analytical;techniques. The work reported here forms
part of a programme of investigation using the complementary technigues
of E.S.C.A. (X.P.S.),electron microscopy and ellipsometery to study the
composition optical and structural properties of films grown on aluminium
exposed to various environmental conditions. Of particular interest has
‘been the growth of aluminium hydroxide films on commercial and pure
aluminiu;Tﬁhen exposed to saturated water vapour. The reaction of aluminium
with water in the liquid phase (as opposed to the vapour phase) has been
studied extensively by Alwitt(2) and Vedder and Vermilyea (3). It
has been found that for aluminium hydroxide films formed at a temperature
léss than 90°C the structure consists of an outer L;yer of bayerite -
crystals with an-innér”layer of ﬁsgudo boehmite. To date little

work:has appeared in:the-literature on the reaction of aluminium
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Abstract

The optical ccnstants of aluminium hydroxide films grown in a
humidity chamber at 70°C and 100% relative humidity, on gold

film substrates have been measured ellipsometrically at a wavelength
of A = 546 n.m. For thin films of aluminium hydroxide less than

80 n.m. the best fit for optical constants were found to be

n = 1.5803 and k=0, but for films more than 80n.m. thick, a

better fit was found with nlnl 1.58£03 and kF0.0009. Interferometry
was used as an independent method for measuring aluminium and
aluminiﬁm hydroxide film thicknesses. The effect-on ellipsometric
parameters ¥ and A of changing the base optical constants were

also studied by computer simulation.
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‘with water vapour and this report deals with a technique which

has been developed for investigating the optical properties and density
of aluminium hydroxide films, particularly during the early stages of
growth. A discussion on thin film optics and the several methods by which
optical properties have been measured by various authors can be found in

a book by Heavens (4).

2. Optical Measurements

A review of the application of ellipsometry to the investigation
of surface films and film growth has been given by Neal (5) and need not
be described in detail here. The basic equation for the instrument is:
rp/rs = tan ¥ exp iA ' : (1)
where rr and fs are the Fresnel coefficients for light with its electric
vector parallel and perpendicular to the plane of‘incidence respedtively.
The two angles |y and A are obtained from the instrument settings of the
polariser and analyser at extinction. The optical constants n and k for
a film free surface were given by Ditchburn (6) in terms of the angles'w
and A and the'angle of incidence ¢o:-

n2 - k2 = sin2'¢o { 1+ tan2 ¢°(cosz2 v - sin22w sinzﬂ)/(l + sin 2y cosA)2 J (2)

2nk = (sin2 ¢o tan2 ¢O sin 4y sind) /(1 + sin 2y cos¢)2 (3)

For a film covered surface (see Figure 1) the Fresnel reflection coefficients

are

' 1
rp =[ (rOl}p o (ru}P exp D} {l + (roJ_JP(ru]P exp D ]A (4)
wiph a similar expression for rs.'

For a non absorbing film

D=4 wnl(cos ¢l] t/ Ao (5)



For an absorbing film:

D=4 n, (cos ¢l) t/J\o (6)

where AD is the radiation wavelength and t the film thickness.
For a non absorbing f£ilm when k,= O, which is the case for most oxides

and hydroxides, in order to obtain both n. and t it is necessary to know

1
the optical constants (nz, k2) of the underlying metal base. For a
reactive metal such as aluminium it is difficult to measure n, and k2

in the absence of a film unless the surface film can be removed in U.H.V.
by ion bombardment and the optical measurements also made in U.H.V. An
alternative is to evaporate a thin film of the metal at a pressure of the
order of 10-10 torr and measure the optical properties before a film has
had time to grow, Both these approaches have been used by the authors in
the course of the present investigations with success but another technique
has also been adopted and shown to be applicable. It could for example

be used in circumstances where the alternatives mentioned above and

which require U,H.V. equipment ére not always available.

3. Principle of the Method and Sample Preparation

(1) A thick film of a ﬁon reactive metal such as gold (or platinum) is
deposited on a élass substrate and the surface is characterised by
the angles ¥ and A determined from the instrument extinction settings.
In ;;;n the optical constants can be computed from equation‘{Z).and
(3)% A film of aluminium is then superimposed on the gold film.
The thickness of aluminium can be determined by an interference
method suggested by Tolansky (7] with fringes of equal chrqmatic order
using an interference microscope;

(2) The aluminium film is then exposed to the water vapour environment

sufficiently long for all the aluminium to react to form aluminium

hydroxide. This state is easily detected since the hydroxide film



~

r

4. . j
is non absorbing or nearly so in visible light (see later).

(¢) The changes in Y and A (6§y and 6A) from the gold surface due to the
presence of the hydroxide film are measured.

(5) The hydroxide film is then overlaid by a highly reflecting film of
aluminium or silver and the hydroxide thickness determined by the

interference microscope.

4, Experimental Procedure

Glass substrates which were cut from microscope slides were
cleaned by immersing in 3% detergent solution in an ultrasonic bath,
followed by repeated cleaning in distilled water in an ultrasonic bath.
Finally the substrates were boiled in isopropyl alcohol and dried by
withdrawing through the vapour. They were then mounted in a vacuum
system above a tungsten boat from which gold was evaporated at é base
pressure of 5 x 10-7 torr. After evaporation the gold films were removed.
from the vacuum chamber and annealed at 100°C for 2 hours before

ellipsometric readings were taken.

The gold films were replaced in the vacuum system and aluminium
films of various thicknesses were evaporated from a tungsten filament.
During evaporation it was possible to hold the pressure to 2 x 10-6 torr,
For each set of readings 4Wwe aluminium films of equai thickness were
evapor;£;d simultaneously. One was used for ellipsometric tests and
the other for fhickness;measuxements. Fig. 2 shows cross sections through
the substrates and film systems. Fig. 2.l. represents the arrangement
used for the measurement of optical properties of gold. Fig. 2.2a shows
‘the system which was used for the measurement of éptical properties of

Aluminium. Fig. 2.2b shows the system which was used for thickness

measurement of Aluminium films,
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The specimen for ellipsometric tests was placed vertically in a
humidity chamber at 70°C and 100% relative humidity. After the reaction
was completed an aluminium hydroxide film was formed on the gold film,

as shown in Figure 2.3. Fig. 2.4 shows the system which was used for

the measurement of aluminium hydroxide film thickness.

Details of the type of ellipéometer (with compensator) used in these
investigations have been given elsewhere (8,9). A selection from the
32 possible settingswas made in the manner described by McCrackin (10).
Ellipsometric readings were made before and after placing the specimens
in the humidity chamber. A few stereoscan photographs were also taken
to determine the structure of the hydroxide films. -The gold films, the
aluminium overlay films and the hydroxide films were examined using a

step scan x-ray diffractometer.

5. Results

Aluminium hydroxidé film thicknésses were measured as indicated
by interferometry. It was also possible to evaluate the thickness from
ellipsometer readings since the films were on a gold base the optical
constants (nz’k2)°£ which had previously.been measured. By.using a
value nl for the hyﬁroxide film, values of y and A were computed for
various hydroxide thicknesses on gold. A "best fit" was found for films
of var£;;s thicknesses. The increase in thickness from the aluminium
metal to the complete hydroxide layer was also measured. Table 1 shows
thicknesses of hydroxide measured by ellipsometry and by the interference
microscope and the oﬁiginal metal film thickness measured by the inter-
ference microscope together with changes in instrument parameters for

increased thicknesses of aluminium hydroxide on gold.
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The instrument settings for the film free gold base, ¥ and A were equal

to 40.7%nd 119.6 respectively at a wavelength of 546 nm giving n,= 0.48 + 005

°
k = 2.54 + 0.1 for the gold layer at an angle of incidence of 64.2 .

Table I

Film No.

Thickness in n.m. of
Aluminium £ilm on
~geld (‘Interferometry

2233

25538

32338

3933

42.0-3%

42.553%

120.5%3%

127.33s

Thickness in n.m. of
Aluminium hydroxide
£film on gold
(Interferometry)

33354

3935

5054

535a

61 Isa

65254

167%2.5%

178.5%2.58%

5¢° changes due to
hydroxide £film

+3.65

+5.95

+7.72

+8.34

+9.14

+9.44

=1.35

=1.56

68 © changes due
to hydroxide film

-21.18

-12.78

+7.98

+11.60

+36.69

+52.42

+42.74

+30.12

Aluminium hydroxide
thickness measured
ellipsometrically(n.m)
using n = 1.58

&
26-4%

43348

52248

55248

65748

66=4%

175224

185228

E
Ratio of Y

1.6

1.6

1.6

1.5

1.5

. 1.4

Fig. 3 a,b,c,d,e,f,g,h, show stereoscan photographs of Aluminium hydroxide

on glass and gold. Examination of the specimens using a step scan X-ray

diffractrometer, with Cobalt ka radiation showed that both the base gold

films and the superimposed Aluminium films had a preferred orientation in

the (111) direction. Examination of the Aluminium hydroxide showed a

weak line at 20 = 18.4°,




6. Discussion

As has been pointed out in section 3 the ellipsometric measurements
involve changes in the instrument parameters ¥V and 4 due to the Presencs
of varying thicknesses of aluminium hydroxide on the gold base. The
film free gold base Yielded initial values of ¥ and A which were sub-
stituted into equations (2) and (3) to evaluate the optical constants
nzand szor the surface, Using these computed constants, and a two
layer brogramme, values of the angles Y and A were computed for composite
surfaces of varying aluminium hydroxide thicknesses on gold and an

assumed value of refractive index for the hydroxide.

Fig. (4) shows a plot of measured Y and A for the eight Aluminium
hydroxide films together with computed values of ¥ and A using various
values of refraction index for Aluminum hydroxide assuming k,=
It can be seen from Fig. (4) that in all cases where kl= 0, a complete
loop is formed ig that when very thick films are measured ¥ and A values

repeat themselves,

parameters'do not lie on any of the computed closed loops. Fig, (5)

shows similar plots but in each case with a value of k,= 0.0009 (i.e. a
small absorption is assumed) . It can now be seen that 7 and 8 lie on
curves with n values between 1 55 to 1.60 and k,= 0.0009. This represents
the best fit for thicker aluminium hydroxide films i.e. thicker than
about 80 n.m. When the optical parameter V and A for films less than
80 n.m. are ploted on the computed graph where k'= O there is better
agreement between the computed thickness and measured thickness by
interferometrYJ. It would appear therefore that in these early stages

of growth the optical constants for the hydroxide at a wavelength of

546 n.m. are n = 1.58 + O3 and k =0 and for thicker films the constants are
! - I
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given by N - 1.58 + .03 and k,= 0.0009. It is also interesting to note

that thicker films are more compact as can be seen in Table ILF) .

The optical constant of Aluminium hydroxide films, pPrepared under
these conditions have not been reported in the literature. However,
the optical constants of electropolished Aluminium, reacting with hot
circulating water has been reported by Barrett (13) to be n'= l.60,

k|= 0.

—

Alwitt (2) has shown that the reaction of water with Aluminium for

[ ]
temperatures less than 90°¢c produces an outer layer of bayerite crystals
with an inner layer of pseudo boehmite and the other forms of aluminium

hydroxide are only produced at higher temperatures.

As already mentioned the step scan X-Ray diffractrometer showed a

weak line at 28 = 18.4° using Cobaltq radiation which we assumed to be

pseudo boehmite since the aluminium hydroxide in this was formed at 70°C.

The structure of aluminium hydroxide on glass and on géid filﬁ;hc;n
be seen from Figs. 4a, b, e and f which are of thicker films and with
magnifications 2.1K, 5.2K, 0.42K and 1.7K respectively. The micrographs
b and £ show the porous nature of the hydroxide. Micrographs c, 4, g
and h are of thinner aluminium hydroxide films on glass and gold and
illustrate the island sfructure of early growth stages in all cases.

The sensitivity of the method for determining the constants of the super-
imposeéfﬁydroxide laye; depends on the relative optical constants of the
Ibase and film.. It is also important. that the base material is non
reactive and this was the reason for selecting gold in this work.

However values have been computed for four base materials and the

’results are illustrated in Figure 6. A glass subétrate is least sensitive,

followed by gold, tantalum and platinum. Although an oxide layer of

the order of 1 n.m. forms on tantalum when exposed to the atmosphere



9.

v

; il
(Aguado-Bombin and Neall ) it could be employed as a base since it has
been shown by Kucirek and Melmedl2 that in many cases of film growth on
metals it 1s possible to use pseudo constants for a surface prior to sub-

sequent film growth subject to certain limitations.
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Fig.6

Reflection and Transmission of light by a single £ilm

Section through f£ilm specimens

For measurement of optical properties of gold

For measurement of optical properties of Aluminium

For measurement of Aluminium film thickness

For measurement of optical properties of Aluminium hydroxide
For measurement of Alﬁminium hydroxide film thickness

Magnification X1000 Thick Aluminium hydroxide f£ilm on glass
Substrate

Magnification X5200 Thick Aluminium hydroxide film on glass
Substrate

Magnification X400 Thin Aluminium hydroxide film on glass
Substrate

Magnification X1000 Thin Aluminium hydroxide film on glass
Substrate

Magnification X2500 Thick Aluminium hydroxide film on gold
£ilm

Magnification X5600 Thick Aluminium hydroxide film on gold

< £13m

Magnification X350 Thin Aluminium hydroxide £ilm on gold
film :

Magnification X10000 Thin Aluminium hydroxide £ilm on gold
£ilm :

The graph of Y agaiirstA for films of different refractive
indices on a gold substrate

The graph of ¥ against A for films of different refractive
indices on a gold substrate

The graph of ¥ against A for films of the same refractive -
index but different substrates.
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Fig 2 Section through film specimens

Aluminium Aluminium
gold overlay
Fig 2,y oo Fig. 2.2a Fig. 2.2b
Aluminium Aluminium Aluminium
. hydroxide a0 overlay ‘hydroxide

I aEn b ry ry I. . v
gold -_r......:l."b...‘ ; TR TR
"glass o
Fig. 2.3 Fig. 2.4

21 For measurement of optical properties of gold

2.2a For measurement of optical properties of Aluminium

2.2b For measurement of Aluminium film thickness

2.3 For measurement of optical properties of Aluminium hydroxide

2.4ﬁ For measurement of Aluminium hydroxide film thickness
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Fig3q Magnification I0QQ! Thick

Fig3b Magnification X5200 Thick

Aluminjum hydroxide film on Aluminjum hydroxide film on
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i93c Magnification Y400 Thin Fig3dMagnitication XIOOO Thin

Aluminium hydroxide film on Aluminium hydroxide film on

glass substrate glass substrate
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ELLIPSOMETRIC OBSERVATIONS OF ALUMINIUM HYDROXIDE FILMS GROWN IN

WATER VAPOR

W.E.J.Neal and A.S.Rehal

The University of Aston in Birmingham,
Gosta Green,
Birmingham, BY 7ET, United Kingdom,

The paper describes ellipsometric investigations of
aluminium hydroxide f£ilms grown on sluminium surfaces
which have been exposed to water vapor. The types of
samples used for the investigations have been:-

1. Commercial aluminium sheet which had been etched by
Argon ions and exposed to water vapor in & vecuum system
at 25 90,

2. As supplied commercial aluminium sheet which had been
chemically or mechanically cleaned and exposed to satur-
ated water vapor at 70 ©C.

3. Freshly deposited films exposed to water vapor in a
vacuum system at 25 OC, i

The optical constants for aluminium hydroxide at
& wavelength of 549 nm for films up to 65 mm thick were
found to be n = 1.55 to 1.60, k = 0.

For hydroxide films which were grown on gold
surfaces (by depositing aluminium films on gold and
then exposing to saturated water vapor at T0 °C) the
best values of optical constants were found to be:-

0] for films < 80 nm thick

ny = 1.58
= 1.58 0.0009 for films > 80 nm thick

Il4

1+ I+
O
e
Ly
=
non



INUKOLUCTION

The susceptibility of Aluminium-Zine-Mugnesiun alloys to
Stress corrosion often resiricts their more widespreud use with
the result thut much reseurch effort has been put into determin-
ing the mechenism of Stress-corrosion crucking. The properties of
corrosion layers of hydroxides or oxides on metals are therefore
of interest to workers in many branches of science and engineer-
ing. Tronstad~ was one of the earliest workers to study the
growth of corrosion layers on materials by ellipsometry.
Following his p;quering work the technique has been employed by
many authors €:35%:5 ip conjunction with oxidation and corrosion
studies.

The work reported here forms part of & programme of invest-
igation using the combined techniques of ESCA (XPS) electron
microscopy end ellipsometry to study the composition, optical and
Structural properties of films grown on aluminium and aluminium
alloys exposed to various environmental conditions. The optical
properties of aluminium hydroxide films grown on pure alwninium
when exposed to satwrated water vapour will be considered here,
particularly in the early stages of growth. Alwittl ang Vedder
and Vermilyea'! have made extensive studies on the reaction of
eluminium with water (in the liquid phase). The reaction of
eluminium with water et 70 o produces & duplex film consisting
of pseudo-boehmite on aluminium oxyhydroxide, similar to boehmite
(A100H) but containing more water, and bayerite (Al(0H).).
Bayerite crystals take the form of pillars or cones and pseudo-
boehmite appears as needles when viewed by transmission electron
microgcoyy or platelets when viewed by scanning electron micro-
scopy®.

There has been much less reported work on the reaction of
aluminium with water vapour or the formation and structure of
aluminium hydroxide films on aluminium formed at low exposures .,
Such studies require wWtra high vacuum facilities and surface
sensitive techniques and we have used the complementary techniques
of ESCA with ellipsometry. In some instances it has also been
possible to combine transmission electron microscopy (TEM),
scanning transmission electron microscopy (STEM) and scanning
electron microscopy using the JEOL 100C Temscan Instrument. It
1s possible with the instrument,to compare surface festures with
underlying microstructure for precisely located areas.

OPTICAL MEASUREMENTS
An outline of the technique of ellipsometry is included in &

review on the "application of ellipsometry to surface films and
film growth" by Neal®. Lssentially, in measurements on



surface Iilm growth, the opticul properties of a surfuce ure
determined belore, duris 1g und ulfter the growth of the layer or
film and the instrumeut is purticularly appropriute in studies of
highly reflecting h¢1eriulu Such as metals. In moct ecircumstunces
when an incident beam of plane polarized lipht is reflected from &
metal surfuce the reflected beam is elliptically polarizcd. The
two exceptionb are when the electric vector of the incident
radiation is vibrating parallel or perpendicular to the plane of
incidence. In both cases the reflected light is then plane
polarized with the same vibrationel direction &s in the incident
beam and these directions are used as reference directions. The
optical constants of a surface can be determined from the orient-
atlon of the ellipse with respect to the plane of incidence and
the ratio of the major to minor axis. The presence of a thin
layer on the surface modifies the optical constants and in turn
the characteristics of the elliptically polarlzed light in the
reflected beam.

The basic ellipsometer for measurements in the visible region
of the spectrum is made up of the following basic components

1. - a filtered light source or monochromator, 2. - & polarlzer
comprising Polaroid, a Nicol or Clan Thomson prism to produce
plane polarized llght 3. = a specimen holder, 4. - a compensator,

sometimes referred to as & quarter wave plate, to convert
elliptically polarized light to plane polarized light, 5. - an
analyzer, as in the polarizer, to detect plane polarized light,
6. = a light detector. The optical components polarizer,
compensator and analyzer are set for extinction when a surface is
examined. In the present work a chopped light source was used in
conjunction with a phase sensitive detector. For most of the
investigation the radiation wavelength was kept at 549 nm. On
occasions when a range of wavelengths was used the compensgtor was
removed and the method of analyses due to Beattie and Conn’ was
used,

The basic equation of the instrument is given by:

r%//rs =tan Yy expi & (1)

where r, and r_, are reflection coefficients for light with electric
vectors parallel and perpendicular to the plane of incidence
respectively. The parameters ¢ and A are obtained from instru-
ment settings of polarizer and analyzer at extinction. The
refractive index is written as n - ik and the optical constants

n and k for a film free surface can be computed from Y and A and
the angle of incidence ¢5. The angles ¥ and A can be used to
characterise a surface. The parameters change with the growth of
& surface layer and are indicative of changes in the characterist-
ics af the elliptically polarized light, i.e. in the ratio of



minor to mujor uxes of the ellipse and its orientation with
respect Lo the plunce of incidence. In the curly ctupes of growth
the changes in ¢ and A ure proportional to film thickness (t) and
can be written:

¢ = U+ At (2)

n
& |
+
(ve
ct
Lo

A

vhere Y and A relate to a clean surface and ¢ and A to a film
covered surface. A and B are constants and depend on the optical
constants of the film and bese metal and on the angle of incidence,
For films thicker than about 10 nm, more exact equations, derived
by Drudel® almost 100 years ago, and given by Ditchburnll in a
suitable form for computation, must be used. Figure 1.
illustrates reflections from an ideal film covered surface in
which multiple reflections teke place in the film. The phase of
the reflected beam is thus dependent on film thickness. In the
case of a non absorbing film in which k; = O on & substrate of
known optical constants (n2 and kg) two unknown quantities ny and
t for & surface film can be determined., In the case of films
which absorb the electromagnetic radiation there is & basic
difficulty in that three unknown quantities nj, ki and t need to
be determined and only two instrument parameters (y and 4) are
measured. BSeveral methods have been suggested to increase the
number of instrument readings and these are discussed by McCrackin
and Colson.

Rellected Beam

Air or Vacuum
(Medium {0)

Sur lace Layer

n, —tk,

I Medium (1)

Hase Metal Medium (2)
n, — ik,

Figure 1. Reflection and Transmission of Light by & Surface Layer.



UYDROXIDE CROWLH ON ALUMINIUM

Figure 2 shows a plot of computed variations in ¢ and & as & layer
of aluminium hydroxide (n, = 1.58, ki = 0) forms on eluninium for

light of wavelength 549 nin (the angle of incidence = 6k4.20).
52
m -
y ®r
DEGREES
S T 110
aa 10 nim
CLEAN SURAT ACE Ao
150 nm
170 nm
42 + 210 nm 190 nm
1 1 1 | 1 L ]
100 120 140 160 180 200 220 240

I DEGREES ——

n =158 k =0 n, =145 k, =612 »=51nm () =642"

Figure 2. Aluminium Hydroxide Layer Growth on Aluminium.

Figure 3 shows the effect for a similar film on gold. For a non
absorbing corrosion layer & closed loop is formed as the layer
thickness increases in that the ¢ and A values repeat themselves.,
For the growth of an absorbing luyer a spiral would be formed.
Even for non-absorbing films which is the case for most oxides
and hydroxides, in order to obtain both n; and t it is necessary
to know the opticel constants no and ko of the underlying base
metal, i.e. the film free surface instrument readings Y and A
(equations (2) and (3) ) need to be known. In studies of
corrosion layers particularly on reactive metals such as aluminium,
problems are experienced in obtaining the characteristics of &

film fgee surface. Even in a vacuum system held at a pressure
of 107" Pa layers form on a freshly evaporated film in & matter of
minutes. This poses & problem when values of corrosion thick-

nesses are required in the early stages of growth. Various
approaches have been made to produce film free surfaces in order



to meuswre subseguent pgrowth of corrosion layers when exposed to
different euvironments. 414 some cases fresh surfuces have been
prepared by evuporuting e metal in ultra high vacuumt3, 14, In
other instances cleun surface areus have been prepared by bombard-
ing & corroded surface with positive argon ions to remove existing
corrosion layers, prior to subsequent growth in & chosen
environment. We have carried out this procedure for sheets of
commercial aluminium. In addition we have used freshly evaporated
eluminium films, on aluminium sheet. The films were then exposed
to an oxygen or water vapour environment. Ellipsometric observat-
ion on fresh films or bombarded surfaces provides information

from which np end kp can be directly calcualted. We have also
employed & procedure of using a non reactive metal such as gold

or platinum on which to form & corrosion layer. This enables the
optical constants and thickness of corrosion layer growth to be
determined without the need for optical measurements in an ultra
high vacuum system.

52
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Figure 3. Aluminium Hydroxide Layer Growth on Gold.
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CORKOSION LAYLKS CHOWN ON NON REACTIVE METALS

The procedure cun be briefly described as follows: Thick
films of & highly reflective, non reactive metal such as gold or
platinun are deposited on substrates of glass, guartz or sapphire.
The film forms the base and the optical constents no and ko for

the base are determined ellipsometrically. The surface will be
charactg;iseq_by the instrument paremeters Vg and Ag (correspond-
ing to ¢ and & of equations (2) and (3) ). A f£ilm of the

reactive metal whose corrosive properties are to be examined is
then superimposed on the non reactive base. Its thickness cen be
determined during deposition by a quartz crystal monitor or after
deposition by an interference method suggested by Tolanskyl® using
fringes of equal chromatic order. We used the latter method. The
reactive metal is then exposed to the appropriate environment and
the corrosive reaction permitted to proceed until all the reactive
metal has been converted to films of the corrosion material. The
instrument parameters VYp and Ap for the composite surface of base
material plus corrosion films are determined. Since np and k

are known from values of yg, Ag and ¢, (the angle of incidence?
if the corrosion layer is non-absorbing both its refractive index
n) and its thickness t can be determined. A check on the thickness
of the corrosion layer can also be made by the Tolansk method.
In the case of absorbing layers it is necessary to determine the
thickness independently of the ellipsometer if the refractive
index of the layer is not known, as mentioned earlier. Measurement
of the reactive metal thickness and the corrosion thickness
enables volume changes from the metal to corrosion layer to be
estimated. In the present investigations the base metal was
gold and aluminium hydroxide films of various thicknesses were
grown by exposing aluminium films (deposited c.: the gold) to water
vepour st 70 9C.

RESULTS AND DISCUSSION
Aluminium Hydroxide Grown on Aluminium
Table I shows the variation of ¢ and A for a sample of

commercial aluminium sheet which has been etched with Art ions.
The radiation wavelength was 549 nm.

Table I. Etching of As Received Aluminium Sheet.

A 123.4]138.95 138.80(143.37(143.56
P 39.9| 42.29( 42.85| 42.89| 43.0
Etch time (mins) 0 [ 30 60 | 150 | 210

The total. oxide thickness on'"as received"sheet was calculuted to be
20 nm.



fubde 1l shows the vuriution of ¢ and A for u sumple of
commerciul wluminium sheet which had first been hewted st 350 ¢
for 15 mins., in wir and then etched with Ar? ions. 'he rudigtion
wvavelength was 549 nm.

Table II. Etching of Pre-heated Aluminium Sheet.

A 115.13|138.90(139.45 [140.09 [141 .4 3|14 3. 47

Y 37.2 | k2.85| 42.90| 42.86| 43.0 | L3.0
Etech time 0 ’ go 120 150 210 200
(mins) |

The total oxide thickness prior to etching was calculated to be
28 nm,

In both cases the accelerating voltage was LkV and the beam
current 20uA.

Table III shows the variations in ¢ and A as the etched
aluminium sheet (from Table II) was exposed to water -vapour at
25 %o, Values of hydroxide layer thickness calculated from
ellipsometry and ESCA measurements are also given.

Table III. Hydroxide Growth on Aluminium Sheet,

] 4 Exposure Hydroxide Thickness nm

(Langmuirs) Ellipsometry | ESCA¥

L43.0 143.47 0 0 0

h3.1 142,92 10 0.52 8,51

43,35 | 142.78 30 0.66 0.56

43.18 | 142.65 90 0.8 0.65

43.18 | 1k2.k0 | 200 1.06 0.69

43.20 | 142.29 | 900 b

43.20 | 1k1.9% | 2x103 1.50 0.86

43.25 | 141.77 | Tx203 1.70 1.01

*These thicknesses were obtained assuming eleciron escape depths
of 2.0 nm and 1.65 nm from pure aluminium and aluminium hydroxide
respectively.

Table IV shows the variations in Yy and A for hydroxide
growth at 25 % on aluminium film which had been deposited on
etched aluminium sheets with a system base pressure of 10~° Pa.



Tuble IV. lydroxide Growth on Alwminium Film.

v A Exposuyre Thickness nm
(Langmuirs) Ellipsometry
4 18 144 .1 0 0
44,18 143,56 10 .52
Li.12 143.33 70 .85
Ly .25 142.96 300 1.12
Lk 26 142,77 103 1.3%
L4 4 142,45 6x103 1.62

From tables I and II it can be seen that it is possible to
obtain values of § and A, after etching which can be used to
characterise a surface prior to subsequent tests. In some
samples of sheet which were not previously heat treated differing
values of y could be obtained and was attributed to differences
in surface structure. The rates of hydroxide growth on films and
etclied surfaces in the early stages of growth were similar.

A series of tests was also made on aluminium films and on
commercial aluminium sheets which were either chemically or
mechanically cleaned and then exposed to saturated water vapour
at 70 °C for between 150 and 200 minutes. The average values
of refractive index for aluminium hydroxide films up to 65 nm
thick at a wavelength of 549 nm with k assumed to be zero were:

Etched Sheet and Films n =
Sheet (Chemically Cleaned) n = 1,55%0.05
Sheet (Mechanically Cleaned) n = 1.

ALUMINIUM HYDROXIDE GROWN ON GOLD

Figures 4 and 5 show computed variations in the values
of ¢ and A as films of differing refractive indices formed on
& gold surface. The experimental velues found for films of 8
different thicknesses are also given. The instrument settings for
& film free gold base were yYg = 40.7° and Ag = 119.6° &t &
- radiation wavelength of 549 nm and an angle of incidence of 64,29,
Values of the optical constants of the gold base were computed
using the measured values of Yg and Ag and found to be n, = 0.48
and ko, = 2.54, The experimental points were obtained by exposing
the aluminium films to saturated water vapour at 70 °C.
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Figure 4. The graph of Y against A for films of different
refractive indices on a gold substrate,

The values of Yp and Ay, given in figures 4 ang 5, were
then computed using & two layer programme and assumed values for
the hydroxide optical constants. In all cases in figure (L)
ky = 0 and a complete loop is formed and values of yp and Ap
repeat themselves for hydroxide films greater than 212 nm,

The experimental points for two f£ilms (7 and 8) do not 1lie
on any of the computed closed loops. Figure 5 shows similar
plots but with an assumed slight absorption, with ky = 0.0009 in
each case.

The optical constants for aluminium hydroxide which best
fit the experimentallresults for a wavelength of 549 nm are:

1.58£0.03, k3
1.58+0.03, k;

0
0.0009

For films < 80nm ny
For films > 80nm nj

These results compare well with those obtained for growth on etched

sheet and on fresh aluminium films deposited on etched sheet.
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Figure 5. The graph of y against A for films of different
refractive indices on a gold substrate.

In this work it was also found that the ratio of hydroxide
layer thickness to metal thickness decreased from 1.6 for
films 3 nm thick to 1.k for films 18 nm thick.

Values of optical constants for aluminium hydroxide which we
have obtained from growth on aluminium films and sheet and on gold
can be compared with films prepared by reacting electropolished
aluminiwn with hot water and given by Barrettl® as n = 1.60,
ky = 0. As already mentioned the latter technique could be used
with any non reactive base metal but gold and platinum would be
preferable since with most other metals thin oxide layers would
always be present. Computer calculations show that by using
platinum (as the base) for the examination of aluminium hydroxide
corrosion layers the 'y sensitivity would be improved in the early
stages of growth whilst the A sensitivity would not be greatly
reduced. We have also examined aluminium hydroxide films
prepared directly on glass substrates. In such cases no = 1.5,

Ko = O and the ¢ and A sensitivities are greutly reduced. Figures
6 and T are typicul scanning electron microscopy (SLM) micrographs
of aluminium hydroxide grown on thick aluminium films which were
deposited on gold and glass. The aluminium was exposed to



sutwrated wuter vapour ut
growth ol the hydroxide films cun be seen.
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Figure 7. SEM Micrograph of Aluminium Hydroxide on Glass.

PONRE The spongy nature and islund




Figure 8 shows UEM miceropgraphs of aluminiwn hydroxide growth on
aluminium sheet formed when the sheet wus exposed to suturuted
water vapour at T0 C. Figure 8a was tuken after 20 minutes
exposure and shows islands of aluminium hydroxide with pillurs of
bayerite. Figure 8L was tuken after a 1 hour exposure and shows
the joining together of islunds to form a continuous hydroxide
film, Figures 8c and 84 are higher magnifications of en island.
Figure Bc shows boehmite (island) together with beyerite pillars.
Figure 8d is a micrograph teken in the reflective mode and shows
the bayerite growing into the aluminium substrate.

Figure 8. Hydroxide growth on aluminium sheet.



SUMMAKY

Two methods have been used for the optical ‘churacterisation
of aluminium surfaces prior to the growth of aluminium hydroxide
layers by exposure to water vapour:-

1. Freshly deposited aluminiwn films.
2. Ion etched aluminium sheet.

For films less than 65 nm thick and assuming no absorption the
refractive index for aluminium hydroxide was found to lie between
1.55 and 1,60 for a wavelength of 549 nm,

Another method for determining the optical constants of hydroxide
films was employed by depositing films of aluminium on gold and
subsequently exposing them to water vapour. - The optical constants
of aluminium hydroxide for a wavelength of 549 nm were found to be:

0
0.0009

(a) For films < 80nm, ny

1.56£0.03, kp
(b) For films > B80mm, ny

1.5810 u03’ kl

The latter technique has been shown to be a viable slternative in
the determination of optical constants of corrosion layers of
reactive metals when problems of surface characterisation exist
and when optical measurements in ultra high vecuum systems are not
possible,

In addition to the work described, another part of the
experimental programme has been to make measurements on oxide
growth on aluminium in vacuo, and the investigations will be
extended in the next phase to include oxide and hydroxide growth
on aluminium alloys, again with the emphasis being on the early
stages of growth. The investigations have been undertaken as
part of a collaborative programme with the Alcan Research
Laboratories, Banbury, U.K.
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